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ABSTRACT 


Tills  report  docuiuenls  work  carried  out  lii  the  Materials  Research  Laboratory  of  The 
Pennsylvania  Stale  University  on  the  third  and  final  year  of  the  program  on  “Piezoelectric 
and  Elcclroslrlcllvc  Materials  for  Transducers  Appllcatlims"  si  sored  by  the  Oli  c  of  Naval 
Research  (ONR)  under  grand  No.  N00014-89-J-1689.  ThI  '  inrks  :  he  terminal  Ion  of  a  very  long 
and  highly  pn  ductlvc  scc|iicncc  of  contracts  and  grants  locusliig  on  the  development  of  new 
materials  for  Piezoelectric  and  Elcclrostrlcllve  transducer  applications  carried  through  under 
core  ONR  funding.  I'orlunalcly  many  elements  of  the  work  will  be  continuing  on  a  new 
University  Research  Initiative  (URl)  program  under  ONR  sponsorship. 

Highlights  of  the  past  year's  activities  Include:  m  hicreascd  emphasis  u]»)U  the 
flexlenslonal  (muonic)  tyjjc  actuators,  modeling  both  the  femal  stress  distribution  as  a 
function  of  geoiiv'iry.  and  the  •  y  Inleresllng  resonant  mode  structure  of  the  composites;  A 
more  refined  fociiS  ujjon  the  performance  of  piezoelectric  ceramic  transducers,  particularly 
under  high  drive  levels  Is  developing  with  concern  for  the  extrinsic  domain  and  phase 
boundaiy  contributions  to  response.  Measurement  and  modelling  are  being  used  to  exploi  c  the 
nonlinearity  and  the  frequency  response  and  to  examine  the  phase  partitioning  at  the 
rhombohedral  :  tetragonal  morplu  jplc  phase  boundary  in  the  PZT  system.  Phenomena 
limiting  lifetime  In  puluririillon  and  phase  switching  actuators  arc  bchig  explored  to  separate 
surface  and  volume  effects  and  those  due  to  grain  size  and  flaw  population  differences.  New 
work  has  been  Initiated  to  examine  Acoustic  Emission  as  a  technique.  In  combination  with 
Darkiiausen  current  pulse  analysis,  to  separate  and  evaluate  domain  switching  and 
microcracking  In  polarization  switching  systems. 

From  work  on  tills  piogram  It  has  now  become  clear  that  the  rclaxor  ferroelectrics  are 
in  fact  close  analogues  of  the  magnetic  spin  glasses,  so  that  the  spin  glass  formalism  can  be 
used  to  explain  the  veiy  wide  range  of  dielectric,  el^tic  and  electroslrlctlve  jiropertles.  The 
remaining  outstanding  fundamental  problem  is  Uiat  of  the  detnhrd  interrelationship  between 
the  known  nano-heterogcnelty  In  the  structure  and  chemlb^''  -nd  the  nanopolar  regions 
wlilch  contribute  Uie  electrical  response. 

Of  very  high  practical  Interest  is  tlie  maimer  in  which  the  relaxor  can  be  field  biased 
Into  extremely  strong  piezoelectric  irsponse.  Work  is  going  forwm  d  to  examine  this  response 
in  detail  and  to  explore  tiic  possibility  Uial  such  “super-respons  van  be  Induced  by  chemical 
(solid  solution)  means. 

Processing  studies  have  focused  upon  new  lower  lemiicralure  consolidations  for 
rclaxors.  and  upon  new  compositions  for  high  teinperalurc  piezoelectric  ceramics. 

In  parallel  with  the  ONR  Transducer  Program  the  Laboratory  has  extensive  DARPA 
sponsored  research  on  ferroelectric  thin  films.  Since  the  films  structures  frequently  involve 
materials  like  the  PZT.  PMN  :  PT.  PLT  and  PLCT  families  of  '  ''Mposlllons  and  do  explore 
piezoelectric  elTects  and  applications,  a  small  group  of  the  most  relevant  papers  form  this 
program  are  appended  to  tlie  report. 
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Distribution  Functions  of  Coexisting  Phases  in  a 
Complete  Solid  Solution  System 


Wenwu  Cao  and  L.  Eric  Cross 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


Keywords:  Phase  coexistence.  Lead  zirconate  titanatePZT,  Solid  solution.  Solubility  gap, 
Moiphotropic  phase  boundary. 


In  the  phase  diagram  of  a  binary  system  one  often  encounters  a  compositional  region  in 
which  two  phases  coexist.  A  common  practice  is  to  use  the  Lever  Rule  to  describe  the 
distributions  of  the  two  coexisting  phases.  However,  if  the  binary  system  is  a  complete  solid 
solution  system,  the  Lever  Rule  is  in  conflict  with  thermodynamic  principles.  A  new  type  of 
distributions  have  been  derived  for  a  solid  solution  system  without  solubility  gap.  Applications  of 
the  theory  to  pure  and  modified  lead  zitconate-lead  titanate  (PZT)  systems  show  excellent 
agreement  with  the  experimental  data.  Several  disputed  facts  about  PZT  are  also  explained 
satisfactorily. 


f. 


INTRODUCTION 


A  general  phase  diagram  of  a  binary  system  A-B  is  given  in  figure  1(a).  There  are  one 
liquid  phase  L  and  two  solid  solutions  a  and  y.  A  and  B  are  completely  miscible  in  the  liquid 
phase,  but  in  the  solid  phase,  there  is  a  solubility  gap  in  which  the  two  solid  solutions  a  and  y 
coexist.  At  tenqxrature  Ti,  the  molar  percentages,  fa  and  fy,  of  the  two  coexisting  phases  are 
governed  by  the  Lever  Rule 

f|X  •  ^h  .  gX  , 

f«+fy=»-  (1) 

The  two  special  points  g  and  h  on  the  isothermal  tieline  at  T  s  Ti  represent  the  boundaries  of  the 
solubility  gap.  The  corresponding  free  energy  versus  composition  plot  is  shown  in  figure  1(b). 
One  can  see  that  the  two  boundary  compositions  are  located  at  the  minima  of  the  free  energies  for 
the  a  and  y  phases.  For  compositions  falling  inside  this  solubility  gap,  two  phase  mixtures  will  be 
formed  consisting  of  g  and  h  compositions,  and  the  ratio  of  the  two  phases  obeying  the  Lever 
Rule. 

Figure  1(c)  is  another  type  of  {rfiase  diagram  for  a  A-B  binary  compound.  Looking  at  the 
subsolidus  region  we  have  three  solid  solutions,  P,  a  and  y.  This  is  a  complete  solid  solution 
system,  viz.,  no  miscibility  gaps  and  no  solubility  gaps.  However,  there  is  a  structural  phase 
transition  from  P  to  either  a  or  y  phase  depending  on  the  composition  of  the  solid  solution.  The 
well  known  lead  zirconate  titaiuue  (PZT)  and  its  derivatives  are  examples  of  this  situation.  From 
thermodynamics  there  should  be  no  coexistence  of  the  a  and  y  phases,  which  may  be  understood 
from  the  free  energy  plot  in  figure  1(c)  at  temperature  T  =  Ti.  We  can  see  that  both  free  energies 
for  the  a  and  y  phases  ate  monotonic  functions  of  composition,  there  is  one  cross  over  point  k 
which  is  termed  the  morphotropic  phase  boundary  (MPB).  From  energy  minimization  principle 
only  one  phase  is  stable  for  a  given  composition.  However,  when  the  trartsition  temperature  is 
reasonably  high  and  the  phase  transition  is  of  second  order,  thermal  energy  could  induce  some 
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amount  of  second  phase  at  the  transition  if  the  two  free  energies  are  relatively  parallel  near  the 
cross  over  point.  In  other  words,  phase  coexistence  can  also  occur  for  the  situation  shown  in 
figure  1(c).  In  fact,  such  coexistence  has  been  observed  in  the  PZT  system. 

One  must  note  that  the  phase  mixing  are  completely  different  in  the  cases  of  figure  1(a)  and 
of  figure  1(c).  In  the  former  we  mix  two  phases  of  different  structures  and  of  different  chemical 
compositions  but  in  the  latter  we  mix  two  structures  of  the  same  chemical  composition.  Because 
the  different  chemical  compositions  in  the  former  case,  the  conservation  of  matter  leads  to  the 
Lever  Rule,  but  for  the  case  in  figure  1(c),  the  distribution  functions  cannot  be  obtained 
staightforwardly  aixl  there  is  no  reason  for  the  two  coexisting  phases  to  obey  the  Lever  Rule. 

A  new  approach  is  proposed  for  the  situation  in  figure  1(c)  when  the  structural  phase 
transition  from  ^  to  a  or  y  is  of  second  order. The  proposed  theory  is  applicable  to  the  PZT 
system  because  the  phase  transitions  for  solid  solutions  of  composition  near  the  MPB  are  indeed 
second  order.3  In  what  follows  we  briefly  describe  the  proposed  model  and  give  two  example  to 
show  the  good  agreement  between  theory  and  experiments. 

n.  THEORY 

In  order  to  visualize  the  concept  we  look  at  a  hypothesized  2-d  problem  of  a  complete  solid 
solution  system  AC-^C.  The  high  temperature  phase  is  a  nonferroelectric  square  phase  as  shown 
in  figure  2(a)  and  the  two  low  temperature  phases  are  rectangular  and  oblique  ferroelectric  phases 
as  shown  in  figures  2(b)  and  2(c)  respectively.  The  phase  diagram  in  the  subsolidus  region  is 
given  in  figure  1(d).  We  call  the  starting  point  of  the  morphotropic  phase  boundary  the  eutectoid 
point 

Assume  the  phase  transition  at  the  eutectoid  point  is  second  order,  strong  thermal 
fluctuations  will  occur  near  the  transition  temperature  Tc.  Below  Tc  the  system  will  be  locked  into 
one  of  the  low  temperature  phases.  The  probabilities  of  going  from  the  square  to  the  rectangular  or 
oblique  phases  are  predetermined  in  the  fluctuating  state.  This  situation  is  depicted  in  figure  3. 
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TEMPERATURE 


Figure  1  Phase  diagram  for  a  binary  A  B  system. 

(a)  Solid  solutions  a  and  y  coexist  inside  the  solubility  g^  in  the  subsolidus 

region. 

(b)  The  free  energies  of  a  and  y  phases  versus  composition  at  temperature  T i . 
The  two  minima  correspond  to  the  edge  compositions  of  the  solubility  gap. 

(c)  Phase  diagram  for  a  complete  solid  solution  system.  The  nearly  vertical 
line  which  divides  the  a  and  y  phase  is  the  moiphotropic  phase  boundary. 

(d)  The  free  energies  of  a  and  y  phases  at  temperature  T(  for  a  complete  solid 
solution  system. 
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Figure  2  Illustration  of  2-<liniensional  square-rectangular  and  square-oblique  structural 
phase  transitions  in  a  corni^ete  s<^d  solution  AC-BC.  (a),  (b)  and  (c)  are  the  lattice 
structures  for  the  paraelectric  square,  ferroelectric  rectangular  and  ferroelectric 
oblique  phases  respectively,  (d)  is  the  corresponding  phase  diagram. 
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The  profile  of  the  fluctuating  state  near  Tc  and  the  final  low  temperature  states  are  shown  in  figures 
3(a)  and  3(b),  respectively  in  the  order  parameter  space.  The  thicker  line  in  figure  3(a)  illustrates 
the  profile  for  the  case  of  square  -  rectangular  transition  [near  BC  region  in  figure  2(d)J  and  the 
thinner  line  is  for  the  case  of  square  -  oblique  transition  [near  AC  region  in  figure  2(d)].  Near  the 
MPB  composition,  the  profile  of  the  fluctuation  will  look  like  the  outer  lim  of  the  pattern  in  figure 
3(a). 

There  is  a  link  between  the  situations  described  in  figure  3(a)  and  figure  3(b),  which 
becomes  apparent  if  we  assume  that  the  thermal  fluctuations  are  orientational  ergodic.  Thus  the 
probability  of  attaining  a  particular  low  temperature  state  in  figure  3(b)  while  on  cooling  from  the 
fluctuating  state  figure  3(a)  is  proportional  to  the  effective  angle  it  occupies  in  the  fluctuating  state. 
A  polygon  may  be  constructed  to  calculate  the  effective  angle  of  each  low  temperature  state  in  the 
2-d  problem.  This  concept  can  be  easily  generalized  to  a  3-dimensional  case  for  which  the 
probability  of  attaining  a  low  temperature  state  is  proportional  to  the  effective  solid  angle  that  low 
temperature  state  occupies  in  the  fluctuating  state.  A  polyhedron  may  be  constructed  in  the  order 
parameter  space  in  order  to  calculate  these  effective  solid  angles,  we  name  it  the  probability 
polyhedron.^^*^^ 

The  solid  angle  calculations  may  be  carried  out  on  the  surface  of  the  polyhedron.  Due  to 
the  relatively  high  symmetry  of  the  problem  we  only  need  to  derive  a  general  formula  for  one  right 
triangle  surface  as  shown  in  figure  4,  the  solid  angle  is  given  by 


^ABC 


■fh 


ds _ 

a2)3/2 


^ABC 


(2) 


where  ds  is  the  area  element  on  the  surface  of^ABC  and  p  is  the  distance  of  this  area  element 
from  point  A.  The  integration  may  be  conventionally  carried  out  using  cylindrical  coordinates 
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(o)  (b) 


Figure  3  (a)  Thennal  fluctuation  profile  at  the  Eutectoid  point  in  the  order  parameter 

space  for  the  2-dimensionaI  problem  described  in  Rgure  2. 

(b)  Degenerate  low  temperature  states  for  the  moiiriiotiopic  phase  boundary 
con^iosition.  The  solid  circles  are  for  the  leaangular  phase  and  the  open 
circles  are  for  the  oblique  phase  respectively. 
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'  (3) 

According  to  classical  statistics  when  coexisting  phases  are  not  energetically  degenerate,  the 
probability  of  attaining  the  ith  low  temperature  state  and  hence  the  solid  angle  flj  in  our  problem  is 

I  Gi-GA 

proportional  to  exp  I  — — I  ,  where  Gi  and  Gh  are  the  free  energies  of  the  ith  low  temperature 


phase  and  the  high  temperature  phase  respectively.  Because  the  solid  angle  subtended  by  a  given 
surface  area  with  respect  to  a  given  point  in  space  is  inversely  proportional  to  the  square  of  the 
distance  between  the  surface  and  that  point,  we  may  write  the  distance  variable  Ti  in  the  following 
form 


Tioc 


exp 


(4) 


For  the  PZT  system  the  probability  polyhedron  is  given  in  figure  S.  From  eq.  (4)  we  have 
rr  ^  Tr  unless  Gt  =  Gr.  In  order  to  calculate  the  distributions  of  nondegenerate  states,  we  define 
a  distribution  anisotropy  parameter  5: 


5  -  =  1 .  exp 

Tt 


(5) 


Using  the  general  formula  eq.  (3)  the  distribution  functions  ff  and  ^  in  terms  of  this  single 
parameter  5  can  be  obtained  for  the  pdyhedron  in  figure  5: 
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fR  =  I  -  fr  • 


(7) 


At  the  MPB  we  have  Gr  =  Gr  and  8  =  0,  so  that  the  molar  ratio  of  the  rhombohedral  and 
tetragonal  phases  becomes: 


1C  -  6  arcsin 


3-/3 


6  arcsin 


3-/3 


1.45  . 


(8) 


The  system  we  have  discussed  above  refers  to  a  single  domain  system.  A  ceramic  can  be 
treated  as  an  ensemble  of  domains,  therefore  the  probability  functions  Ir  and  fr  also  represent  the 
molar  fractions  of  ihombohedial  and  tetragonal  phases  in  a  ceramic  system.  Thus,  using  eq.  (8) 
one  may  determine  the  MPB  composition  from  x-ray  diffraction  intensity  measurements. 

in.  COMPARISON  WITH  EXPERIMENTS 

The  difference  of  the  two  energy  densities  may  be  expanded  around  the  MPB  conqiosition 
Xo: 


8R-gT  =  ^(GR*CjT)*  X  Oii(*-Xor  . 

*'  n.l 


(10) 
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where  v  is  the  volume  of  an  element  in  a  statistical  ensemble.  Looking  at  figure  1(d)  one  finds  that 
eq.  (10)  may  be  well  tepresented  by  a  linear  function  near  Xo, 


gR-gT  =  ai  (x-xo). 


(11) 


Now  let  us  examine  the  probability  polyhedron  in  figure  5  more  carefully,  when 
Tr>  is  Tt’  ^  representative  surfaces  for  the  tetragonal  phase  will  meet  each  other  to  form  a 

cube,  which  implies  that  only  tetragonal  phase  can  be  formed.  Vice  versa,  where  Tr  <  ^  Tt  the 

representative  surfaces  of  the  rhombohedral  phase  will  form  a  closed  octahedron  so  that  only 
ihombohedral  phase  can  be  formed.  This  restricts  the  5  values  in  the  following  range: 


1-1^<5<1- 


(12) 


Using  this  relation  and  eqs.(S)  and  (1 1 )  we  can  drive  the  width  of  the  coexistence  region^, 


Ax  s 


^ln3 
tti  V 


(13) 


An  important  conclusion  can  be  drawn  from  eq.  (13):  The  width  and  the  boundary  compositions 
of  the  coexistence  region  are  not  well  deflned  in  a  complete  solid  solution  system ,  they  depend  on 
the  volume  v  of  the  statistical  elements,  for  instance  the  domain  size  in  a  ceramic  system.  This  fact 
marks  the  physical  difference  between  the  phase  coexistence  inside  a  solubility  gap  and  near  the 
MPB  of  a  ctnnplete  solid  solution  [see  figures  1(a)  and  1(c)]. 

Substiniting  eq.(13)  into  eq.(l  1)  we  can  rewrite  eq.  (S)  to  the  following  form 


$ 


=  1  -  exp 


(X  -  Xq)  ln3 
Ax 


(14) 
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The  parameters  Xq  and  Ax  may  be  fined  from  experimental  data  using  eqs.  (14)  and  (6)  [or  (7)]. 
Two  examples  are  given  below  to  demonstrate  the  procedures. 

It  is  known  from  experience  that  the  coexistence  region  in  pure  PZT  system  is  very 
narrow.  Therefore,  due  to  the  limitations  of  x-ray  resolution  it  is  difficult  to  obtain  a  reliable  molar 
ratio  of  the  rhombohedral  and  tetragonal  phases  from  x-ray  measurements.  However,  when  small 
amounts  of  dopants  are  added  to  the  PZT  system,  the  coexistence  region  usually  becomes  wider 
and  the  diffraction  peaks  become  relatively  easier  to  be  separated  from  each  other.  The  data  points 
in  figure  6  were  measured  by  Hanh,  Uchino  and  Nomura"^  on  the  solid  solution  system  0. 1  Pbo.9 
Ko.i  (2ni/3  Nb2/3)02.95  -  (0.9  -  x)  PBZ1O3  -  xPbTi03.  [Note  the  compositional  variable  x  refers 
to  the  mole  percent  of  PbZr03  in  reference  4  but  refers  to  the  mole  percent  of  PbTi03  in  this 
paper,  all  data  points  have  been  converted  accordingly.]  The  squares  and  circles  are  the  molar 
fractions  of  the  rhombohedral  and  tetragonal  phases  respectively.  The  authors  of  ref.  4  have  fitted 
their  experimental  data  to  the  Lever  Rule,  which  are  shown  in  figures  6  as  the  solid  curves,  the  two 
edge  compositions  ate  xi  =  0.45  and  X2  =  0.57.  Although  it  appears  that  the  fitting  is  reasonably 
good  for  these  limited  data  points,  the  kinks  at  xi  and  X2  are  in  contradiction  with  the  nature  of  a 
complete  solid  solution  system.  As  mentioned  above,  the  two  edge  compositions  in  the  Lever 
Rule  actually  define  a  solubility  gap.  One  cannot  explain  the  physical  meaning  of  these  two  edge 
compositions  for  a  conqilete  solid  solution  system.  The  dotted  curves  are  fitted  using  the  theory 
presented  in  this  paper,  the  two  fitted  parameter  are  Xo  =  0.5027  and  Ax  =  0.2066.  We  can  see 
that  the  fittings  are  surprisingly  good,  all  the  data  points  are  almost  exactly  on  the  curves!  More 
importantly,  the  kinks  have  been  smoothed  out,  which  makes  the  current  theory  more  consistent 
with  the  nature  of  complete  solid  solution  system  than  the  Lever  Rule. 

In  comparison  the  width  obtained  from  the  current  theory.  Ax  =  0.2066,  is  wider  than  that 
given  by  the  Lever  Rule  X2  ■  X|  =  0.12.  Both  theories  agree  reasonable  well  if  the  second  phase 
has  more  than  20%,  but  they  deviate  severely  from  each  other  near  the  edges  of  the  coexistence 
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region.  In  practice,  the  long  tails  in  our  theory  may  be  difficult  to  be  observed  because  the  x-Ray 
technique  cannot  detect  the  existence  of  a  second  phase  if  it  is  less  than  a  few  percent.  The 
resolution  would  be  even  worse  if  the  diffraction  peaks  of  the  two  coexisting  phases  are  closely 
located.  For  this  reason  we  give  a  useful  relation  to  estimate  the  width  parameter  Zix, 

Ax  »  18.87  (xn,  -  Xo)  .  (15) 

where  x©  is  the  MPB  composition  at  which  fR'.fr  *  60:40.  and  x®  is  the  equal  fraction 
composition  at  which  fRtfr  =  50:50.  These  two  compositions  can  be  easily  obtained  from 
experiments  and  are  indicated  in  figure  6. 

Unlike  the  Lever  Rule,  the  distribution  functions  eqs.  (6)  and  (7)  are  asymmetric  with 
respect  to  the  equal  fraction  composition  Xm.  one  may  notice  this  point  by  looking  at  the  dotted 
curves  in  figure  6.  This  asymmetric  feature  has  been  verified  by  experiments  in  other  systems,  for 
example  the  experimental  results  of  Ari-Gur  and  Benguigui^  for  the  PZT  solid  solution  system 
(figure  7).  One  can  clearly  see  this  asymmetry  from  their  data.  Although  it  seems  that  some 
experimental  errors  might  have  occurred  because  the  MPB  ccanposition  has  been  shifted  further  to 
the  riiombohedral  side  (which  might  be  caused  by  the  presence  of  impurities  in  their  chemicals), 
the  data  can  still  be  well  fitted  using  eqs.  (6)  and  (7).  The  two  fitted  parameters  are  xo  =  0.4212, 
Ax  =  0.2554. 


IV.  SUMMARY  AND  CONCLUSIONS 

The  distribution  functions  have  been  derived  for  the  coexisting  phases  near  the 
moiphotrc^ic  f^ase  boundary  in  a  complete  binary  solid  solution  system.  It  is  ^own  that  the 
phase  coexistence  near  the  MPB  in  a  complete  solid  solution  is  different  from  the  phase 
coexisteiKe  inside  a  solubility  gap.  The  latter  has  two  special  compositions  xi  and  X2  specifying 
the  edges  of  a  solubility  gap,  and  the  distribution  inside  the  g^  can  be  described  by  the  Lever  Rule. 
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MOLAR  RATIO 


Figure  6 


Ti  COMPOSITION 


Molar  fractions  fg  and  fr  of  the  ihombohedral  and  tetragonal  phases  inside  the 
coexistence  compositional  region  for  0.1Pbo.9Ko.i(Zni/3Nb2/3)02.95  >  (0.9  -  x) 
PbZr03  '  xPbTi03  solid  solution.  The  squares  and  circles  are  experimental  data 
from  ref.  4,  the  solid  curves  were  fitted  using  the  lever  rule  and  the  dotted  curves 
were  fitted  using  the  current  theory. 
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While  for  the  former,  only  the  MPB  composition  Xq  is  well  defined,  the  width  of  the  coexisting 
region  is  inversely  proponional  to  the  volume  of  individual  element  in  a  statistical  ensemble. 
Contrary  to  the  customarily  used  criterion  for  the  MPB,  i.e.,  fR:fT  =  1:1.  the  ratio  should  be 
roughly  given  by  farfr  =  3:2  from  our  theory,  which  agrees  with  the  MPB  determined  from 
dielectric  measurements.  Superior  to  the  Lever  Rule,  the  current  theory  does  not  give  those  kinks 
in  the  distribution  functions,  therefore  is  more  consistent  with  the  nature  of  a  complete  solid 
solution  system.  The  distribution  functions  eqs.  (6)  and  (7)  are  asymmetric  with  respect  to  the 
middle  point  Xm,  which  is  another  major  difference  between  the  current  theory  and  the  Lever  Rule. 
Experimental  results  show  that  this  asynunetry  indeed  exist.  In  addition  to  the  surprisingly  good 
agreement  between  the  theory  and  the  available  experimental  data,  the  current  theory  also  provides 
a  reasonable  explanation  to  the  controversy  regarding  the  width  of  the  coexistence  region  in  the 
PZT  system.  A  well  defined  width  can  not  exist  in  a  complete  solid  solution  system  because  Ax 
is  inversely  proportional  to  the  domain  volume,  and  the  domain  size  depends  very  strongly  on  the 
ceramic  processing  procedures. 
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A  spin-glass-like  model  for  the  relaxor  ferroelectric  has  been  developed.  The 
glassy  behavior  is  shown  to  be  reflected  in  the  dielectric,  polarization,  and 
electromechanical  responses.  The  glassy  behavior  is  believed  to  arise  due  to 
correlations,  both  dipolar  and  quadrupoiar,  between  superparaelectric  sized 
moments. 

The  complex  susceptibility  was  measured  over  the  frequency  range  of  10^  to 
10^  Hz.  The  frequency  dispersion  of  the  temperature  of  the  permittivity  maximum 
was  modelled  with  the  Vogel-Fulcher  relationship,  predicting  a  characteristic 
freezing  temperature  which  coincided  with  the  collapse  of  a  stable  remanent 
polarization.  The  imaginary  component  was  also  found  to  be  nearly  frequency 
independent  below  this  temperature,  phenomenologically  scaling  to  the  Vogel- 
Fulcher  relationship.  The  relaxation  time  distribution  was  then  calculated  by 
analogy  to  spin-glasses,  and  shown  to  extend  from  microscopic  to  macroscopic 
periods  near  freezing  reflecting  the  onset  of  nonergodicity.  The  deviation  from 
Curie-Weiss  behavior  was  also  investigated.  At  high  temperatures,  the  dielectric 
stiffness  was  found  to  follow  the  Curie-Weiss  relationship.  A  local  (glassy)  order 
parameter  was  calculated  from  the  deviation  at  lower  temperatures,  by  analogy  to 
spin-glasses.  The  dependence  of  the  complex  susceptibility  on  an  applied  electric 
field  and  the  degree  of  chemical  long  range  ordering  was  then  investigated  using 
these  techniques. 

The  remanent  polarization  was  investigated  for  various  electrical  and  thermal 
histories.  The  field-cooled  and  zero-field-cooied  behaviors  were  both  studied.  The 
magnitude  of  both  polarizations  was  found  to  be  equal  above  a  critical  temperature. 
A  macroscopic  polarization  developed  under  bias  in  the  zero-field-cooled  state,  with 
the  temperature  of  the  maximum  charging  current  decreasing  with  increasing  bias. 
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This  decrease  was  modelled  using  the  dcAlmedia-Thouless  relationship,  which 
predicted  an  average  moment  size  freezing  of  approximately  3x10*25  C-cm.  The 
time  dependence  of  the  remanent  polarization  was  also  investigated.  The  square-to- 
slim-loop  hysteresis  transition,  measured  using  a  standard  Sawyer-Tower  circuit, 
was  phenomenologically  modelled  by  modifying  Neel's  equation  for  the 
magnetization  of  a  superparamagnet  to  a  similar  relationship  for  a  superparaelecuic. 
A  temperature  dependent  internal  dipole  field  was  included  to  account  for 
correlations.  The  slim  loop  polarization  curves  were  also  found  to  scale  to  E/(T-Tf). 

The  electromechanical  behavior  was  investigated  using  a  nonlinear  internal 
friction  technique.  The  linear  elastic  response  was  found  to  stiffen  at  all  bias  levels 
with  the  maximum  electroelastic  coupling  occurring  near  the  Vogel-Fulcher  freezing 
temperature.  A  strong  frequency  dependence  of  the  kinetics  of  the  anelastic 
relaxation  was  found  at  low  measurement  frequencies.  These  data  are  compared  to 
recent  high  Aoquency  results.  The  existence  of  an  inhomogeneous  internal  strain 
was  found  from  the  line  broadening  of  the  (220)  and  (321)  diffraction  peaks.  On 
application  of  an  electrical  field  the  internal  strain  is  relieved  by  the  development  of 
a  macrostrain  which  is  shown  to  be  the  electrostrictive  strain.  Strong  elastic 
nonlinearities,  both  an  elastic  softening  and  hardening  under  stress,  have  also  been 
observed.  These  results  are  interpreted  as  a  stress  activation  of  the  internal 
deformation  process. 
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Abstract 

The  dielectric  spectroscopy  of  lead  magnesium  niobate  relaxor  ferroelectrics  has 
been  investigated  over  the  frequency  range  of  10^  to  10^  Hz.  The  imaginary 
component  was  found  to  become  nearly  frequency  independent  below  a  freezing 
temperature,  and  scaled  to  a  phenomenological  equation  involving  the  Vogel- 
Fukher  relationship.  The  absorption  and  Cole-Cole  plots  were  found  to  become 
very  broad  near  this  freezing  temperature.  The  relaxation  time  distribution  was 
sut^uently  calculated  by  analogy  to  spin  and  dipolar  glasses.  A  strong 
broadening  of  the  distribution  was  found  in  the  vicinity  of  the  freezing  temperature. 
It  a  proposed  that  this  deviation  from  Debye  behaviour  b  a  result  of  the 
development  of  correlations  between  polar  moments  leading  to  the  onset  of  non* 
ergodicity  near  freezing 


§1.  Introduction 

Lead  magnesium  niobate  (PMN)  is  a  relaxor  ferroelectric.  In  the  zero-field-cooled 
(ZFQ  state,  reiaxors  are  characterized  by  a  rdaxational  process  typical  of  a  classic 
dieiectiic  lelaxator,  and  by  the  lack  of  macroscopic  polarization  and  anisotropy.  Bums 
and  Daool  (1983, 1986)  have  shown  that  a  local  polarization  exists  in  the  ZFC  state  to 
temperatures  much  higher  than  that  at  whi^  a  remanent  polarization  can  be 
sustained.  In  the  field-cooled  (FQ  state  relaxation  is  not  obserrcd  (Viehland,  Jang, 
Wuttig,  and  Cross  1991),  and  the  system  is  able  to  sustain  a  macroscopic  polarization 
below  a  critical  temperature  which  is  significantly  lower  than  the  radio  frequency 
permittivity  maxima.  Smolenski  and  Agranovskya  (I960)  originally  proposed  that 
underlying  the  relaxor  behaviour  is  a  chemical  inhomogeneity  on  the  B-site  cation, 
leading  to  a  spatially  varying  composition  with  local  Curie  temperatures.  Randall  and 
Bhalla  (1990)  and  Chen,  Chan,  and  Harmer  (1989)  have  recently  shown  that  in  PMN 
there  is  a  partitioning  on  the  nanometer  scale  into  chemically  homogeneous  cluste  rs.  1 1 
b  currently  believed  that  it  is  the  scale  of  thb  process  which  underlies  the  relaxor 
behaviour.  Cross  has  suggested  that  local  ferroelectric  phase  transitions  may  occur 
inside  these  individual  chemical  regions  (Cross  1987).  The  size  of  these  moments  is  such 
that  their  orientations  may  be  thermally  agitated,  analogous  to  superparamagnetism 
(Neel  1949). 

Kersten,  Rost,  and  Schmidt  (1983)  have  shown  that  the  dielectric  relaxation  is 
Debye-like  at  temperatures  significantly  above  the  temperature  of  the  permittivity 
maximum  (7^ _ I  Yushin,  Smirnova,  Dorogortsev,  Smirnov  and  Galyamov  (1987)  have 
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recently  found  a  broadening  of  the  relaxation  time  distribution  near  unlike  a 
I>ebye  process.  Kirolov  and  Isupov  (1973)  have  analysed  the  frequency  dispersion  of 
Z...  with  the  Debye  relationship  obtaining  an  activation  energy  and  pre-exponential 
factor  of  7eV  and  respectively.  Cross  cf  al.  have  recently  analysed  the 

frequency  dispersion  of  T_..  with  the  Vogel-Fulcher  relationship  (Viehiand,  Jang, 
Wuttig  and  Cross  1990),  analogous  to  spin  glasses  (Tholence  1979, 1980),  obtaining  an 
activation  energy  and  pre-exponential  factor  of  004 eV  and  10*^  s~',  respectively. 
Cross  et  al.  found  that  the  freezing  temperature  (T,)  coincided  with  the  temperature  at 
which  a  stable  remanent  polarization  can  be  sustained.  A  dipole  glass  model  for 
relaxors  was  subsequently  proposed  (Viehiand,  Jang,  Li,  Wuttig,  and  Cross  1991),  with 
local  dipole  fields  between  superparaeiectric  moments  leading  to  the  development  of  a 
frustration  below  the  freezing  temperature. 

The  magnetic  and  dielectric  relaxations  of  spin  and  dipolar  glasses  are  believed  to 
undergo  freezing,  due  to  frustrated  interactions  (Edwards  and  Anderson  197S), 
(Kirkpatrick  and  Sherrington  1978X  and  random  fields  (Morgownik  and  Mydosh 
198iX  (Nozav,  Sechovsky  and  Kambersky  1987).  The  magnetic  absorption  and 
Argrand  plots  are  known  to  become  broad  near  7}  (Huser,  Wenger,  vanOuyneveldt 
and  Mydosh  1983).  It  is  believed  that  on  cooling  through  T,,  the  relaxation-time 
distribution  strongly  broadens,  extending  from  microscopic  to  macroscopic  time 
periods.  The  broadening  is  believed  to  be  due  to  the  onset  of  non-ergodicity  above  the 
freezing  temperature.  It  is  the  purpose  of  this  work  to  investigate  the  dielectric 
dispersion  of  PMN  around  the  freezing  temperature,  and  compare  the  results  to  spin 
and  dipolar  glasses. 


§1  ExPEMMEKTAL  PIIOCEDURE 

The  samples  used  in  the  study  were  PMN  single  crystals.  The  crystals  were  grown 
by  a  flux  method  as  described  by  Setter  (1980).  They  were  orientated  along  the  (100) 
dinxtion,  were  of  dimensions  0-2  cm  X  01  cm  xO08cm,and  weieelectroded  with  gold. 

The  dielectric  constant  was  measured  as  a  function  of  frequency  (a>)  between  4S0 
and  ISOKatacoolingrateof4'’Cmin~*.Tbefrequenciesused  were  10^,  10^  10*,  10^ 
10*,  and  10’  Hz.  The  measurements  were  made  using  HP427SA  and  4274A  LCR 
meters.  The  dielectric  curve  for  each  frequency  was  smoothed  and  interpolated  to 
determine  the  temperature  of  the  permittivity  maximum  (71..)  as  accurately  as 
possible.  The  remanent  polarization  was  also  measured  for  comparison  using  a 
standard  pyroelectric  technique. 

§3.  Results  and  dbcussion 

The  complex  susceptibility,  **  shown  in  fig.  l(o)  and  (b)  for  various 

measurement  frequencies.  The  teal  component  (/)  had  a  maximum  of  approximately 
22000  at  260  K  for  a  measurement  frequency  of  100  Hz,  and  the  imaginary  part  (z*)  had 
a  maximum  of  approximately  1 200  at  2S0  K.  It  should  be  noted  that  the  inflection  point 
of  y*  corresponds  in  temperature  to  the  maximum  x'.  The  quantity  x*  was  essentially 
frequency  dependent  below  230  K,  indicative  of  a  freezing  into  a  glassy  state.  The 
value  of  X*  seemingly  extrapolated  to  zero  near  OK,  unlike  the  metallic  spin  glasses 
(Mulder  vanOuneveldt  1982)  whose  absorption  extrapolates  to  approximately  60% 
and  of  its  maximuttL  At  lower  temperatures  the  dispersion  of  x'  was  significantly  less, 
but  was  observed  at  much  lower  temperatures  than  for 

The  strong  decrease  in  the  frequency  dispersion  of  x”  below  230  K  suggests  that  the 
data  can  be  scaled  by  approximating  t"  {T,to)  as  h(T)R(ii)  following  Courtens  (1984), 
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Fig.  1 
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(a)  The  dielectiic  permittivity  00  ctf  PMN  as  a  function  of  temperature  for  measurement 
frequencies  of  10*.  I(r.  10*.  10*.  10*.  and  10^  Hz.  The  top  curve  is  the  lowest  frequency 
and  the  bottom  the  highest  (h)  The  imaginary  part  of  the  dielectric  response  Oc*)  as  a 
function  of  temperature  for  measurement  frequencies  of  iO^,  lO’,  10*.  10*.  10*.  and 
10^  Hz.  The  bottom  curve  is  the  lowest  frequency  and  the  top  the  highest  (c)  Ay'/A  log  (co) 
as  a  function  of  temperature. 


where  HT)  and  R(u)  describe  the  frozen  and  dynamic  contributions  respectively,  and 
u{<o,  7)  is  a  scaling  variable.  The  function  Rlu)  is  given  by  eqn.  1 


where 


ll(H)=|[l  +  tanh(u)], 


u*d(E,-£), 


(1) 


and  where  d  b  a  constant  in  units  of  eV~ and  £«  is  a  cutoff  energy  in  units  of  eV.  The 
value  of  £  can  be  approximated  by  the  Vogel-Fulcher  relationship 
T  =  To  exp  [£/k(T  -  T,)]  (Vogel  1921,  Fulcher  1924),  where  I/Tq  is  the  Debye  frequency 
and  Tf  a  freezing  temperature.  At  lower  temperatures  R(u)  is  approximately  1,  and  y' 
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{T,to)^I^T).  At  higher  temperatures  R{u)  decreases  approaching  zero;  consequently 
x''{T,cj)=0.  At  intermediate  temperatures,  R(u)  varies  as  a  function  of  frequency  (tu 
=  I/t),  as  given  by  the  Vogel-Fulcher  relationship.  The  functional  dependence  of  hfT) 
was  empirically  determined  from  low  temperatures  (r<23CK)  by  an  exponential 
fitting,  CiexpfCjT).  The  modelling  was  done  using  a  Levenberg-Marquardt  fitting, 
solving  for  d,  and  T,.  The  values  of  Cf  and  were  held  constant  during  the  fitting, 
and  To  was  assumed  to  be  1  x  tO~'^s  as  previously  reported  (Viehiand  et  al.  1990). 
Minimum  variance  (^2%)  was  obtained  for  d,  E^,  and  T,  equal  to  58-89  eV~', 
00764  eV,  and  220-33  K  respectively.  The  phenomenological  model  is  shown  alongside 
the  experimental  data  in  fig.  2  (n).  Reasonable  agreement  can  be  seen.  The  function  R(u) 
is  shown  in  fig.  2  (b)  for  various  measurement  frequencies.  The  data  scales  quite  readily 
with  (£,—£)  over  a  wide  range  of  frequencies. 

The  value  of  T,  was  also  estimated  by  modelling  the  dispersion  of  with  the 
Vogel-Fulcher  relationship  for  comparison.  Minimum  variance  was  obtained  for  I/Tq, 
T,  and  £, equal  to  l0‘*s”‘,217-7K,and(>0786eV  respectively.  The  values  of  E,  and  T, 
are  in  close  agreement  with  those  of  £«  and  T,  as  determined  from  the  modelling  of  x" 
using  eqn.  1.  The  fitting  of  the  data  is  shown  in  fig.  3(a).  Analysis  with  the  Arrhenius 
relationship  yielded  an  activation  energy  and  a  pre-expoential  factor  of  7  eV  and 

Fig.  2 


(6) 

The  poinu  are  the  imaginary  contribution  of  the  dielectric  responx  Or*)  as  a  function  of 
temperature  for  measurement  frequencies  of  1(F,  10^,  10*.  10*.  10*.  and  10'’  Hz.  The 
bottom  curve  is  the  lowest  frequency  and  the  top  the  highest,  and  where  T,  is  the  freezing 
temperature.  The  solid  line  is  a  phenomenological  fitting  to  eqn.  1.  (6)  the  scaling 
parameter  [R(u)]  as  a  function  of  the  scaling  variable  (u)  for  various  measurement 
frequencies. 
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Fig.  3 


lb) 

(a)  The  temperature  of  the  permittivity  maximum  as  a  function  of  the  measurement  frequen^. 
The  dots  are  the  data  and  the  solid  line  is  the  fitting  to  the  Vogel-Fulcher  relationship, 
(h)  The  remanent  polarization  as  a  function  of  temperature. 


10^  s  ~  respectively.  Both  of  these  values  are  physically  unreasonable  for  a  theimaUy 
activated  process  The  remanent  poluization  (P,)  as  a  function  of  temperature  is  shown 
in  fig.  3(h).  The  extrapolation  of  P,  to  zero  yielded  a  temperature  between  21 S  and 
220  K,  whidi  is  dose  to  7^.  This  shows  that  on  zero-field  heating  from  the  field-cooled 
state,  the  macroscopic  polarization  collapses  near  the  Vogel-Fulcher  freezing  tempera¬ 
ture.  The  implication  is  that  the  thawing  temperature  of  the  field-cooled  state  and 
freezing  temperature  of  the  zero-field-cooled  state  coindde,  reflecting  the  kinetics  of  the 
polarization  reversals.  The  static  polarization  of  PMN-IOPT  has  recently  been 
determined  from  Sawyer-Tower  measurements  and  shown  to  scale  to  hyperbolic 
functions  involving  a  reduced  temperature  somewhat  similar  to  eqn.  1  (Viehland  et  al. 
1991). 

The  Voget-Folcber  scaling  of  y*  has  been  interpreted  to  mean  that  freezing  does  not 
occur  by  cluster  growth,  but  rather  by  the  freezing  of  local  modes  (Courtens  1984).  The 
scaling  in  rhubidiom  ammonium  dihydrogen  phosphate  (RADP)  is  believed  to  be  due 
to  a  competition  between  antifenroekctric  and  ferroelectric  exchanges  on  the  atomic 
level,  Courtens  (1984),  Courtens,  Rosenbaunt,  Nagler,  and  Horn  (1984).  This  is  further 
substantiated  by  the  saturation  of  the  correlation  length  at  12  A  near  %  (Courtens  et  al. 
1984).  The  Vogel-Fulcher  scaling  of  y'  in  PMN  may  have  its  origins  in  the  phase 
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separated  superparaelectric  regions.  Chemically  homogeneous  regions  on  the  scale  of 
approximately  SO  A  have  been  observed  by  transmission  electron  microscopy  (TEM) 
(Chen  et  al.  1989,  Randall  and  Bhalla  1990).  The  local  polarization  may  be 
homogeneous  within  each  region  and  of  predetermined  size.  Dipole  fields  between 
superparaelectric  moments  may  subsequently  lead  to  a  freezing  of  the  polarization 
fluctuations  into  a  glassy  state  at  lower  temperatures.  This  is  further  substantiated  by 
the  saturation  of  the  correlation  length  in  PMN  crystals  at  200  A  near  the  Vogel- 
Fulcher  freezing  temperature  (Vakhrushev,  Kvyatkovsky,  Naberezhov,  Okuneva  and 
Topervers  1989,  Viehland,  et  al.  1991). 

The  absorption,  y",  over  a  wide  range  of  frequencies  at  various  temperatures 
around  T,  is  shown  in  fig.  4.  The  width  of  the  y*  curves  exceeds  that  which  can  be 
attributed  to  a  single  relaxation  time,  atK)  strongly  suggests  a  wide  distribution.  The 
absorption  width  increases  as  the  temperature  decreases  approaching  Tf,  and  becomes 
essentially  flat  below  Tf  with  all  curves  remaining  parallel.  The  implication  is  that 
dramatic  changes  occur  in  the  relaxation  time  distribution  on  cooling  through  Tf.  This 
change  cannot  be  attributed  to  a  normal  Debye-like  relaxationaJ  process,  because  t_. 
does  not  shift  steadily  down  in  frequency.  Kersten,  Rost,  and  Schmidt  (1983)  have 
previously  analysed  the  temperature  dependence  of  with  the  Debye  relationship, 
obtaining  an  activation  energy  and  pre-exponential  factor  of  approximately  0-5  eV  and 
10  ~  *  s,  respectively.  Their  modelling  was  done  at  temperatures  significantly  above  the 
permittivity  maximum,  where  the  absorption  has  distinct  peaks  as  shown  in  fig.  4.  In 
this  temperature  range  the  local  polarization  fluctuates  at  relatively  rapid  frequencies, 
i.e.  the  superparaelectric  moments  are  nearly  decoupled.  The  shift  of  can  then  be 
modelled  by  the  Debye  relationship  over  a  limited  temperature  interval.  But  as  strong 
correlations  develop  between  neighbouring  moments  on  cooling,  the  relaxation 
deviates  significantly  from  Debye  behaviour  as  reflected  in  a  strong  temperature 
dependence  of  the  activation  energy  arid  pre-exponential  factor  (KiroUov  and  Isupov 
1973).  Cole-Cole  plots  are  shown  in  fig.  5  around  Tf.  Near  T,  the  plot  is  flat;  with 
increasing  temperature  curvature  can  be  seen,  and  near  the  temperature  of  the  radio 
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Cole-Cole  plots  at  various  temperatures  around  freezing. 

frequeocy  permittivity  maxima  semicirdes  are  observed  The  flattening  of  the  Cole- 
Cole  curves  near  the  Vogcl-Fulchcr  freezing  temperature  suggestes  as  well  that  the 
relaxation  time  distribution  is  becoming  very  broad  with  the  tail  of  the  distribution 
extending  into  the  macroscopic  time  regime. 

The  dielectric  and  magnetic  responses  of  dipolar  and  spin  glasses  can  be 
represented  by  a  summation  over  a  distribution  of  relaxators  (Courtens  1984, 
Lundgren,  Svedlindh  and  Beckman  1981),  as  given  in  eqn.  2 

jr(T,T)=  pGlt,  T)  d  In  t,  (2) 

J  rt>  1  —  lurr 

where  G(z,  T)  is  the  distribution  of  relaxation  times,  zifT)  the  low-frequency  limit  of 
X'(r,a>),and  Assuming  C(t,  T) is  very  broad  in  ln(TX  x'  can  be  approximated 

from  2  as  given  in  eqn.  3 

jr(T,r)«xh(T)G(r,n  (3) 

Following  such  a  procedure  causality  predicts  that  x”~5y'/51n((u)  (Lundgren  et  al. 
1981),  which  is  illustrated  in  fig.  1  (cX  The  agreement  with  the  data  in  fig.  1  (h)  is  quite 
good. 

Isothermal  cross  sections  of  G(r,  7^)  as  a  function  of  t  for  PMN  are  shown  in  fig.  6  (a) 
at  r  =  7J,  r  >  7J,  T  =  7^  and  T  >  7^  respectively.  The  value  ofxifT)  was  assumed  to 
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be  the  100H2]f'(r).  Solid  lines  are  drawn  to  represent  what  the  distribution  most 
probably  looks  like  over  the  whole  frequency  range.  The  drawing  of  these  lines  was 
guided  by  the  fact  that  G(t,  ro)=0  near  and  that  at  higher  temperatures  the 
distribution  will  be  Gaussian.  Near  Tf  the  distribution  was  found  to  be  essentially  flat 
between  10" ^  and  10“ ’ s,  tailing  to  zero  near  10“  ‘ With  increasing  temperature  the 
distribution  sharpened,  developing  a  distinct  ta,,  near  the  temperature  of  the  radio 
frequency  permittivity  maximum.  At  higher  temperatures  was  found  to  shift  to 
higher  frequencies,  analogous  to  a  Debye  type  relaxation,  but  the  width  and  shape  of 
the  distribution  continued  to  change  with  increasing  temperature.  Isotemporal  cross 
sections,  Gfto,  T^,  are  shown  in  fig.  6(b)  at  various  measurement  frequencies.  A  sharp 
step  in  G(to,  T)  was  found  near  7^  and  shifted  to  higher  temperatures  with  increasing 
frequency.  Below  7J,  G(to.T)  decreased  slowly  with  decreasing  temperature.  The 
magnitude  of  Gir^,  T)  also  increased  with  frequency,  over  the  range  investigated.  The 
isotemporal  ctoss  sections  are  essentially  the  dielectric  loss  factor.  A  previously 
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(*) 

(a)  The  relaxatkm-tiine  distribution  [G(t,To)]  as  a  function  of  t  at  various  temperatures. 

(a)  r—  T„  (h)  T>  Tf,  (c)  To  T^,  and  (d)  T>  T _ (b)  The  relaxation-time  distribution 

[G(to,T)]  as  a  function  of  temperature  at  various  measurement  frequencies.  The 
measurement  frequencies  shown  are  1(F,  10^,  10*.  10*,  10*,  and  10*  Hz.  The  bottom 
curve  is  the  lowest  frequency,  and  the  top  curve  tte  highest 
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Fig.  7 


Diagram  illustrating  the  proposed  temperature-dependent  relaxation-time  spectrum.  G(t,  T)  is 
the  number  of  polar  regions  having  a  relaxation  time  r,  7^  is  the  freexing  temperature,  and 
f4  is  the  Debye  frequency. 


proposed  relaxation  time  distribution  as  a  function  of  temperature  is  illustrated  in  fig.  7 
(Viehland  et  al.  1990).  It  can  be  seen  that  this  model  is  supported  by  the  experimental 
data.  The  isothermal  width  of  the  spectrum  is  shown  to  become  very  broad  near  Tf, 
approaching  the  macroscopic  time  regime.  The  shortest  relaxation  time  ft-.-)  is  shown 
to  approach  maaoscopic  times  only  at  temperatures  far  below  Tf.  Above  Tf  the 
isothermal  width  of  t^  relaxation  time  spectrum  continuously  sharpens  as  the 
temperature  b  increased  with  and  t.!.  approaching  the  microscopic  time  regime. 

The  dielectric  spectroscopy  results  can  be  understood  in  terms  of  the  interacting 
superparaelectric  dipole  glass  model,  discussed  above.  At  high  temperatures  the 
moments  are  decoupled,  exhibiting  typical  Debye-type  behaviour,  but  on  cooling  local 
dipole  fields  couple  the  polarization  fluctuations  and  varies  in  a  nonlinear  manner 

parameterizable  by  the  Vogel-Fulcher  relationship.  It  b  proposed  that  as  a  conse¬ 
quence  of  increasing  correlations,  the  relaxation-time  dbtribution  broadens  and 
flattens  out  with  decrea^g  temperature  reflecting  the  onset  of  non-ergodicity.  Near  a 
critical  temperature  the  dbtribution  becomes  extremely  broad,  as  the  polarization 
fluctuations  undergo  Vogel-Fulcher  freezing  into  a  dipole  glass  state.  Consequently, 
the  system  can  sustain  a  remanent  polarization  below  this  temperature.  The  relaxation¬ 
time  distribution  remains  relatively  wide  above  Tf,  in  effect  leading  to  a  diffuse  phase 
transformation.  The  difl'use  nature  of  the  transformation  b  thus  not  a  reflection  of 
compositional  heterogeneity  as  originally  proposed  by  Smolenski  and  Agranovskya 
(I960),  but  rather  a  consequence  of  size  dispersions  of  polar  moments  and  the 
development  of  correlations. 


§4.  Conclusions 

The  dielectric  relaxation  of  PMN  single  cyrstals  has  been  investigated,  and  shown 
to  be  similar  to  spin  and  dipole  glasses.  The  absorption  was  found  to  be  nearly 
frequency  independent  below  a  freezing  temperature  which  correlated  with  the 
temperature  at  which  a  stable  remanent  polariution  collapsed  on  heating  from  the 
field-cooled  state.  The  absorption  spectra  and  Cole-Cole  plou  were  found  to  become 
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very  broad  near  this  freezing  temperature.  The  relaxation-time  distribution  has  also 
been  calculated  and  shown  to  broaden  strongly  near  freezing,  extending  from  the 
microscopic  to  macroscopic  time  regimes. 
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Abstract 

Non-linear  internal  friction  measurements  have  been  carried  out  on  lead 
magnesium  niobate  with  IOal.%  lead  litanaie.  The  purpose  of  these  measurements 
was  to  investigate  the  field  dependence  of  the  elastic  and  anelastic  responses,  and  to 
determine  how  the  response  depends  on  the  amplitude  of  an  applied  stress.  The 
linear  elastic  response  was  found  to  stiffen  at  all  bias  levels  with  the  maximum 
eicctroclastic  coupling  occurring  near  the  Vogel-Fulcher  freezing  temperature.  A 
strong  frequency  dependence  of  the  kinetics  of  the  anelastic  relaxation  was  found  at 
low  measurement  frequencies.  These  data  are  compared  with  recent  high-frequency 
results.  The  existence  of  an  inhomogeneous  internal  strain  has  been  found  from  the 
line  broadening  of  the  (220)  and  (321)  diffraction  peaks.  On  application  of  an 
electrical  field  the  internal  strain  is  relieved  by  the  development  of  a  macrostrain 
which  is  shown  to  be  the  electrostrictive  strain.  It  is  proposed  that  the  local 
electrostrictive  strains  are  dynamic  in  nature  and  are  at  the  origin  of  the  anelastic 
relaxation.  Strong  elastic  non-linearities,  both  an  elastic  softening  and  hardening 
under  stress,  have  also  been  observed.  These  results  are  interpreted  as  a  stress 
activation  of  the  internal  deformation  process. 


§1.  Introduction 

Lead  magnesium  niobate  (PMN)  is  a  classic  relaxor  ferroelectric.  Relaxors  are 
ferroelectric  materials  which  exhibit  a  diffuse  phase  transformation  in  which  there  is  a 
strong  frequency  dispersion  of  the  dielectric  response  at  temperatures  near  the 
permittivity  maximum  (7^.).  On  heating  from  a  poled  state  the  remanent  polarization 
is  known  to  collapse  at  temperatures  significantly  below  the  permittivity  maximum 
(Bokov  and  Myl'nikova  1960).  The  depolarization  under  an  electric  field  is  known  to 
occur  over  a  broader  temperature  interval  (Xi,  Zhilli  and  Cross  1983).  An  RMS 
polarization,  as  calculated  from  the  index  of  refraction,  is  known  at  temperatures  far 
above  7^,  (Burns  and  Dacol  1983)  which  shows  that  a  local  polarization  exists  to 
much  higher  tempertures  that  that  which  a  macroscopic  polarization  can  be  sustained. 
Smolenski's  (Smolenski  and  Agranovska  I960)  original  model  of  relaxors  was  based  on 
the  concept  of  local  variations  of  the  transition  temperature  due  to  compositional 
heterogeneity.  More  recently  Randall  and  Bhalla(1989)  have  observed  contrast  on  the 
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nanoscale  in  PMN  using  TEM  which  they  believed  to  be  due  to  short-range  chemical 
ordering.  Cross  ( 1 987)  has  proposed  that  local  polar  regions  form  where  allowed  by  this 
short  range  chemical  order,  i.e.  the  so-called  ‘fossil  chemistry',  by  a  a  lowering  of  the 
local  symmetry  through  ferroelectric  distortions.  He  has  further  proposed  that  the 
frequency  dispersion  arises  due  to  a  thermal  activation  of  the  direction  of  spontaneous 
polarization,  analogous  to  superparamagnetism.  The  frequency  dispersion  of  has 
recently  been  found  to  exhibit  a  Vogel-Fulcher  type  freezing  (Viehland,  Jang,  Wuttig 
and  Cross  1990),  and  the  freezing  temperature  was  found  to  correlate  with  the  collapse 
of  the  remanent  polarization. 

Rclaxors  arc  known  to  have  a  large  electrostrictive  strain  (Jang  1979),  and  to  be 
strong  non-linear  materials  electrically  (Shrout  1980,  Glass  1969).  The  phenomena 
underlying  the  dielectric  relaxation  then  might  also  be  reflected  into  the  elastic 
properties.  Yushin,  Smironova,  Dorogortsev,  Smirnov  and  Galayamov  (1987)  have 
recently  investigated  the  anelastic  response  of  PMN  in  the  megahertz  regime.  Thc_\ 
found  that  the  magnitude  and  kinetics  of  the  relaxation  were  frequency  independent. 
Elastic  non-iincaritics  have  been  previously  known  to  arise  from  domain  wall  iiiotioti 
(Wuttig  and  Lin  1983)  and  nucleation  (Anning  and  Wuttig  1984).  In  general,  these 
elastic  non-linearities  are  believed  to  be  a  macroscopic  reflection  of  a  strain-driven 
microscopic  deformation  process.  The  purpose  of  this  work  was  to  investigate  the 
anelastic  response  in  the  low-frequency  regime  and  to  determine  if  the  response  is 
dependent  on  the  magnitude  of  the  applied  stress,  i.e.  elastically  non-linear. 


Fig.  1 


Diagram  of  the  internal  friction  apparatus.  I:  pick  up  capacitor,  2;  Sm-Co  magnets,  3:  sample,  4: 
sample  positioner  and  clamp,  S:  thermocouple,  6:  constant  gradient  Helmholtz  coils,  7: 
resistive  heating  wire. 
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§2.  Experimental  PROCEDURE 

The  elastic  properties  were  studied  using  a  non-linear  internal  friction  technique 
developed  by  Wuttig  and  Suzuki  (see  Anning,  Suzuki  and  Wuttig  1982).  A  diagram  of 
the  experimental  apparatus  is  given  in  fig.  I.  The  technique  uses  a  long  thin  vibrating 
reed  which  is  externally  driven  through  the  natural  resonance  by  a  magnetic  gradient 
acting  on  a  small  permanent  magnet  attached  to  the  reed.  The  mechanical  response  of 
the  reed  to  the  driving  force  was  measured  capacitively  by  pick-up  capacitors  using  a 
technique  developed  by  Tomboulian  (1961).  The  samples  were  driven  into  the  non¬ 
linear  regime  which  resulted  in  asymmetric  resonance  curves.  Measurements  were 
made  using  increasing  and  decreasing  frequency  sweeps  to  obtain  the  complete 
asymmetry  of  the  resonance  curves.  The  resonance  curves  were  then  analysed  using  a 
non-linear  least-squares  fit  to  an  empirical  response  relationship  developed  by  Nayfeh 
(1979)  given  in  eqn.  (1); 


(ii 


(1) 


where  cug  represents  the  resonance  frequency,  a  the  non-linear  elastic  constant,  6  the 
linear  anelustic  constant  (damping),  K  the  external  excitation,  and  a  the  r.m.s. 
amplitude  of  vibration  of  the  sample. 

Resonance  curves  were  measured  as  a  function  of  temperature  on  heating  between 
250  and  420  K,  with  resonance  frequencies  of  approximately  10,  100,  and  400  Hz. 
Measurements  were  done  as  a  function  of  bias,  the  bias  levels  used  were  0, 1, 2, 3, 4, 5, 6, 
7, 8, 1 0, 1 2,  and  I S  k  V  cm  ~ ' .  X-ray  line  broadening  measurements  were  also  done  using 
a  position  sensitive  detector  to  supplement  the  data  base.  Measurements  were  made  as 
a  function  of  bias  on  the  (200),  (220),  and  (321)  peaks  at  25  and  OX.  The  dielectric 
constant  and  polarization  were  also  measured  as  a  function  of  temperature  for 
comparison  using  standard  techniques. 

The  samples  used  in  this  study  were  PMN  ceramics  with  0  and  I0at.%PbTiO3 
(PMN-IOPT).  They  were  prepared  as  described  by  Pan,  Jiang  and  Cross  (1988).  The 
samples  were  free  of  ageing  as  described  by  Pan  et  ai,  were  free  of  pyrochlore  as 
de.scribcd  by  Swartz  and  Shrout  (1982),  and  were  electroded  with  gold.  Stoichiometric 
ageing-free  samples  were  used  to  avoid  a  potential  complication  of  the  relaxation 
mechanism  by  a  time- varying  defect  structure.  Supplementary  measurements  were  also 
made  on  La-modifed  lead  zirconate  titanate  (PLCT)  with  Zr/Ti  ratio  of 65/35  and  a  La 
content  of  9  at.%.  The  PLZT  samples  were  donated  by  Honeywell  Inc.  of  Bloomington, 
Minnesota. 


§3.  Results 

Sample  resonance  curves  are  given  in  figs.  2{a}-{d)  for  PMN-IOPT  at  270, 292, 310 
and  340  K,  respectively.  Each  figure  contains  resonance  curves  under  bias  levels  of  0, 
and  6.  and  12  kV  cm"  '.These  curves  were  chosen  to  illustrate  the  field  dependence  of 
the  resonance  curves  at  various  temperatures.  An  electrical  field  increased  the 
resonance  frequency,  and  decreased  the  mechanical  losses.  At  lower  temperatures  the 
resonance  curve  characterized  a  linear  oscillator.  As  the  temperature  was  increased  the 
resonance  curve  bent  to  lower  frequencies  with  increasing  displacement  (elastically  soft 
under  stress),  and  on  a  further  increment  of  the  temperature  the  resonance  curve  bent  to 
higher  frequencies  with  increasing  displacement  (elastically  hard  under  stress).  The 
eflect  of  a  d.c.  bias  was  to  decrease  the  magnitude  of  the  nonlinearity. 
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Fig.  2 


(c)  ('<) 

Sample  resonance  curves  for  PMN-IOPT  al  bias  levels  ofO,  6,  and  l2kVcm''.  (a)  T=  -  IS’C, 
(6)  7  =  I5°C.  (c)  r=40°C.  (d)  T=65°C. 


Fig.  3 


TEMPERATURE  (K) 


Elastic  stilTness  as  a  function  of  temperature  for  PMN. 


§4.  Discussion 

The  insertion  of  any  local  distortion  into  a  crystalline  lattice  produces  internal 
strains.  Anelastic  behaviour  is  a  manifestation  of  the  relaxational  kinetics  of  this 
internal  deformation  process.  In  PMN  the  anelastic  response  can  be  anticipated  to 
reflect  the  kinetics  of  the  polarization  fluctuations  which  can  couple  the  applied  stress 
to  the  internal  strain  through  the  electrostriction.  The  elastic  stiffness  of  PMN  over  a 
wide  range  of  temperatures  is  illustrated  in  fig.  3.  The  elastic  stiffness  started  to  soften 
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Fig.  4 


(o)  Elastic  slilTness  and  linear  damping  as  a  function  of  temperature  for  PMN-IOPT  at  a 
measurement  frequency  of  100  Hz.  (b)  Polarization  and  dielectric  constant  as  a  function 
of  temperature  for  PMN-IOPT.  The  measurement  frequencies  for  the  dielectric  constant 
were  frl,  I,  10,  and  lOOkHz. 

around  600  K  which  is  close  to  the  temperature  of  the  onset  of  local  polarization  as 
originally  shown  by  Bums  and  Dacol  (1983).  The  implication  is  that  the  insertion  of 
polarization  into  the  prototypic  phase  softens  the  lattice,  via  the  elecrostriction.  The 
agreement  of  the  temperature  of  the  maximum  in  the  100  Hz  elastic  softening  with  the 
temperature  of  the  100  Hz  permittivity  maximum,  shown  in  fig.  4,  illustrates  that  the 
relaxational  processes  in  both  responses  does  have  a  common  origin.  The  dielectric 
relaxation  has  been  shown  to  be  glassy  due  to  interactions  between  superparaelectric 
moments  (Viehland  et  al  1990).  The  implication  is  that  the  anelastic  relaxation  may 
also  be  glassy  due  to  local  electrostrictive  strain  fields. 

Figures  5(a)-(d)  illustrate  the  field  dependence  of  the  stiffness  at  various  tempera¬ 
tures.  The  points  in  these  figures  are  the  experimental  data,  and  the  solid  line  is  the 
curve  fitting  to  eqn.  (2); 

c(£)=c(0)-P/J£*-P»j£*  (2) 

where  c  is  the  elastic  stiffness,  and  fi  and  r/  are  the  fourth  and  sixth  order  electroelastic 
couplings  respectively.  The  experimental  data  was  modelled  using  a  nonlinear  least- 
squares  fitting  to  eqn.  (2),  solving  for  fi  and  tt.fiasa  function  of  temperature  is  shown  in 
fig.  6.  The  maximum  electroelastic  nonlinearities  occurred  near  15°C.  The  freezing 
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BIAS  (kV/cm) 

(C) 


(b) 


BIAS  (kV/cm) 


(d) 


Elastic  stiffness  as  a  function  of  d.c.  electrical  bias  for  PMN-IOPT.  (a)  T=  lO'C,  (6)  T=  IS^C, 

(c)  T=40“C.  {d)  T=  120°C. 


Fig.  6 


Electroelastic  constant  (/>)  as  a  function  of  temperature  for  PMN-IOPT  where  T,  is  the  freezing 
temperature.  The  inset  is  the  Pitting  of  the  frequency  dependence  of  the  temperature  of  the 
permittivity  maximum  to  the  Vogel-Fulcher  relationship. 


temperature  has  been  estimated  to  be  18°C  by  modelling  the  frequency  dependence  of 
using  the  Vogel-Fulcher  relationship  (Viehland  et  al.  1990)  which  is  close  to  the 
temperature  of  the  maximum  electroelastic  nonlinearities.  The  modelling  of  the 
dielectric  relaxation  is  shown  as  the  inset  of  hg.  6.  These  results  indicate  that  the  local 
electrostrictive  strains  are  dynamical  in  nature  and  undergo  a  Vogel-Fulcher  type 
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freezing  corresponding  to  the  freezing  of  the  polarization  fluctuations.  This  can  be 
interpreted  to  mean  that  the  polarization  fluctuations  do  not  occur  within  a  rigid 
framework,  but  rather  inside  of  a  soft  framework  which  deforms  in  response  to  the 
polarization  fluctuations.  The  maximum  nonlinearities  in  the  electroelastic  response, 
then,  occurs  near  the  freezing  temperature  where  a  d.c.  biasing  field  can  most  effectively 
repopulate  the  states.  Yushin  (1988)  has  reported  a  similar  anomaly  in  the  electro¬ 
acoustic  behaviour  near  210  K  for  PMN  in  the  zero-fleld-cooled  state. 

An  electrical  held  stiflened  the  elastic  response  at  all  bias  levels.  If  the  softening  of 
the  linear  clastic  stillness  is  solely  related  to  the  introduction  of  polarization  into  the 
lattice,  then  application  of  an  electrical  field  should  further  soften  the  lattice  because  it 
would  stabilize  more  polarized  regions.  A  possible  explanation  of  this  discrepancy  is 
that  the  inhomogeneity  in  the  internal  strain  held,  both  in  the  frozen  and  dynamical 
states,  enhances  the  deformation  mechanism.  Consequently  on  application  of  an 
electrical  field  the  lattice  stiffens  as  the  randomness  of  the  strain  field  is  destroyed.  The 
clastic  behaviour  of  PMN  may  be  similar  to  the  orientational  glassy  state  proposed  for 
(KBr),_,(KCN)j,  (Knorr,  Volkmann  and  Loidi  1986,  Knorr  1987)  in  which  quad- 
rupolar  interactions  between  elastic  dipoles  leads  to  a  freezing  of  the  anelastic  response. 
It  is  proposed  here  that  quadrupolar  interactions  between  polar  clusters  in  PMN 
contribute  to  the  freezing  process,  and  that  the  corresponding  frustration  is  partially 
orientational  in  nature.  The  main  difference  between  the  glassy  response  in  PMN  and 
(KBr),  -,fKCN)i  is  the  scale  of  the  inhomogeneity  in  the  strain  field.  In  relaxors  this 
scale  is  on  the  order  of  50-100  A  (Randall  and  Bhalla  1989,  Chen,  Chan  and  Harmer 

Fig.  7 
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(220)  diffraction  peak  for  PMN-  lOPT  under  d.c.  bias  levels  of  0, 10  and  0  k V  cm  .  (a)  7'=  25°C, 

(6)  T=0”C. 
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1 989),  whereas  in  (KBr),  _  ,( KCN),  it  is  several  unit  cells.  The  glassy  contribution  to  the 
elastic  softening  consequently  would  be  expected  to  be  much  less  for  PMN  than  for 
(KBr),  _,(KCN),,  which  is  experimentally  observed.  In  the  tungsten  bronze  family  of 
relaxors,  an  electrical  field  has  been  found  to  soften  the  lattice  (Shrout  1980).  The 
difference  in  the  elastic  behaviour  of  the  PMN  family  of  relaxors  and  the  tungsten 
bronzes,  can  be  understood  by  the  differences  in  their  structures.  The  structure  of  the 
tungsten  bronzes  are  prototypic  tetragonal  with  only  two  ferroelectric  domain  states. 
Consequently  the  interaction  of  the  electrostrictive  deformation  with  an  applied  stress 
does  not  reveal  any  internal  strain.  PMN  is  rhombohedral  having  non- f  80°  variants 
which  can  contribute  to  an  inhomogeneous  internal  strain  if  the  cluster  moments  freeze 
in  a  random  manner. 

The  (220)  diffraction  peak  for  PMN-IOPT  at  various  bias  levels  is  shown  in  fig.  7  (a) 
and  (6)  at  25  and  0"C,  respectively.  The  width  of  the  peak  decreased  and  the  peak  shifted 
to  lower  20  values  with  increasing  bias.  Upon  removal  of  the  field  the  width  and  the 
peak  position  returned  to  the  unbiased  values  al  25°C,  but  remained  at  the  biased 
values  at  0°C.  These  results  support  the  model  of  an  inhomogeneity  in  the  local  strain 
field  which  has  an  instability  to  an  applied  bias.  The  inability  of  the  inhomogeneity  to 
recover  after  removal  of  the  bias  below  the  freezing  temperature  gives  further  evidence 
of  the  dynamical  nature  of  the  local  electrostrictive  strains  above  Tf.  The  shifting  of  the 
peak  position  shows  that  a  macrostrain  develops  from  the  inhomogeneous  internal 
strain  on  biasing.  The  shift  in  the  peak  position  (A20)  was  approximately  01° 
between  0  and  lO  kVcm”*.  The  lattice  strain  associated  with  this  shift  can  be 
approximated  by  equating  the  Bragg  relationships  at  both  biases  and  solving  for  Ad/d, 
as  given  in  eqn.  (3); 


Ad  siB(2e,) 

d,  sin(2&,-l-A20) 


(3) 


where  e  is  the  lattice  strain,  d,  and  dj  are  the  lattice  constant  under  0  and  1 S  k V  cm  '  ‘ 
respectively,  and  Ad  is  defined  as  d,  —di.  Ad/di  can  then  be  approximated  as  5  x  10~* 
which  is  comparable  to  the  electrostrictive  strain  (Jang  1979).  This  shows  that  the  large 
electrostrictive  strains  in  these  materials  are  not  due  to  induced  polarization,  but  rather 
to  the  relief  of  the  internal  strain  by  the  development  of  a  macrostrain.  Hysteresis  then 
occurs  in  the  field  dependence  of  the  strain  behaviour  below 

The  l(X)Hz  internal  friction  as  a  function  of  bias  at  T,  is  shown  in  fig.  8.  The 
maximum  field  dependence  was  also  found  near  Tf.  The  internal  friction  initially 
increased  until  3kVcm~',  then  decreased  upon  further  increment  of  the  field.  The 
coexistence  of  both  dielectric  and  anelaslic  relaxation  requires  that  the  piezoelectric 
response  (daj)  must  also  be  dispersive  (Nowick  and  Heller  1965),  which  has  recently 
been  observed  (Pan,  Gu,  Taylor  and  Cross  1989).  The  maximum  response  and 
strongest  relaxation  in  d^j  were  also  observed  near  this  threshold  bias  (3kVcm~'). 
This  means  that  al  the  threshold  bias  a  small  applied  stress  can  most  elTectively 
repopulate  the  equivalent  variants;  consequently  the  mechanical  losses  are  maximum. 
The  threshold  bias  can  be  interpreted  to  mean  that  in  the  zero-field-cooled  state 
the  orientations  of  the  superparaelectric  moments  are  not  completely  random, 
but  rather  there  are  local  configurations  of  moment  orientations  as  previously 
proposed  from  the  field  dependence  of  the  dielectric  response  (Viehland  et  al.  1991).  A 
small  bias  then  acts  to  override  these  configurations,  enhancing  the  fluctuation  kinetics 
and  the  magnitude  of  the  relaxation.  It  is  probable  that  the  short-range  ordering  in 
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(a)  Effective  third-order  elastic  constant  (a)  for  PMN-IOPT  as  a  function  of  temperature  under 
d.c.  bias  levels  of  0  and  5  kVcm  ‘ '  where  7^*,  is  the  temperature  of  the  100  Hz  dielectric 
maximum,  (h)  Effective  third-order  elastic  constant  (a)  for  PM  N-  lOPT  as  a  function  bias 
near  the  temperature  of  the  permittivity  maximum. 
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these  configurations  is  determined  in  part  by  the  local  electrostrictive  str:i'n 
!ields.Khachaturyan  and  Shatalov  (1969)  have  previously  shown  that  local  strain  fields 
between  inclusion  can  lead  to  short-range  ordering  of  their  ‘elastic  dipoles'.  At  bias 
levels  above  threshold,  the  internal  friction  decreased  probably  because  of  the  relief  of 
the  internal  strain  and  the  longer  nature  of  the  dipolar  interactions. 

The  effective  third-order  elastic  constant  of  PMN  as  a  function  of  temperature 
under  zero  bias  is  illustrated  in  fig.  9  (a).  The  maximum  softening  of  this  constant 
occurred  slightly  below  the  temperature  of  the  l(X)Hz  permilii'  ity  maximum.  The 
maximum  bending  of  ilie  resonance  curve  un<'  r  stress  at  r„,,  in  ■  nelcctrif^  d  state 
can  be  estimated  to  be  I  Hz  (see  fig.  2|c))  which  is  approximately  •  fhi  slat' 

into  a  1-5%  decrease  in  the  elastic  energy  by  the  nonlinearitics.  Thi.s  >  ibu'  n  is  noi 

small  in  consideration  of  the  iiiiiomogcneous  nature  of  the  applied  si  i .  >.  It  is  obvious 
that  the  elastic  softening  occurs  when  the  frequency  of  the  polarization  fluctuations 
nearly  coincides  witli  the  driving  frequency  of  the  a.c.  stress  field.  The  maximum  elastic 
softening  probably  occurs  when  the  polarization  can  most  effectively  respond  to  the 
biasing  strain.  Below  this  temperature,  the  fluctuations  are  essentially  frozen  with 
respect  to  the  time  scale  of  the  measurement.  The  natural  elasti.  Iiardening, 
consequently,  is  observed  at  higher  temperatures  when  the  kinetics  of  thi  '.  formation 
process  becomes  much  faster  than  the  applied  a.c.  stress.  The  softening  '<1  the  clastic 
response  shows  that  the  kinetics  of  the  internal  deformation  process  can  be  driven  by  an 
applied  a.c.'  stress.  Higher  order  elastic  constants  usually  characterize  the  strer' 
dependence  of  the  velocity  of  an  elastic  wave  and/or  the  nonlinear  interactions  between 
‘elastic  dipoles'  (Wallace  1970).  It  is  proposed  that  the  microscopic  origins  of  the 
softening  arises  due  to  interactions  between  cluster  moments,  both  dipolar  and 
quadrapolar,  which  in  part  control  the  kinetics  of  the  deformation  process.  A  potential 
well  diagram  which  illustrates  the  effect  of  an  applied  stress  along  a  (1 1 1)  variant  is 
shown  in  fig.  10.  If  T<  7^,  the  applied  stress  lowers  the  activation  by  yp;  consequently 
the  repopulation  kinetics  alone  the  axis  of  the  stress  is  enhanced  an'i  die  elastic 


Fig.  10 


Potential-well  diagram  which  illustrates  ili''  effect  of  an  a.c.  mechanical  stress  on  the  activation 
energy  for  a  superparaclectric  rcl.''iition  at  various  temperalures  ere  £  is  th<'  r.m.s. 
value  of  the  stress  and  yp  the  change  in  the  activation  energy. 
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response  is  soft.  If  T>  the  applied  stress  is  shown  to  push  against  the  walls  of  the 
wells;  consequently  the  elastic  response  is  hard.  The  third-order  elastic  constant  under 
5  k  V  cm~ '  is  also  illustrated  in  fig.  9  (a).  An  electrical  field  decreased  the  softening  and 
increased  the  temperature  of  its  maximal  response.  The  third-order  elastic  constant  as  a 
function  of  bias  at  the  temperature  of  the  permittivity  maximum  is  shown  in  hg.  9  (b). 
The  elastic  response  is  essentially  linear  under  10  k  V  cm  ~  ^  The  reason  for  the  decrease 
in  the  magnitude  of  the  elastic  softening  can  be  understood  as  a  reflection  of  the 
decrease  in  the  inhomogeneity  of  the  local  strain  fields  on  biasing.  Consequently  the 
deformation  process  is  less  stress-sensitive  and  the  magnitude  of  the  softening  of  the 
lattice  under  stress  decreases. 

The  internal  friction  of  PMN  has  been  reported  to  be  frequency  independent 
between  5  and  50  MHz  (Yushin,  Smirnova,  Dorogorlsev,  Smirnov  and  Galayamov 
1987).  The  internal  friction  of  PMN  at  various  frequencies  between  100  and  50  MHz  is 
shown  in  fig.  1 1  (a).  The  maximum  loss  and  temperature  of  its  half  maximum  value  are 
plotted  as  a  function  of  frequency  in  fig.  1 1  (b).  It  is  obvious  that  the  kinetics  of 
relaxational  process  is  temperature  dependent  in  only  the  low-frequency  regime. 


Fig.  11 


(o)  Mechanical  damping  of  PMN  as  a  function  of  temperature  at  various  frequencies.  The 
frequencies  shown  are  01  and  2-3kHz,and  7,  10,  20  and  50  MHz.  The  MHz  data  was 
taken  from  Yushin  (1988),  ih)  Maximum  of  the  internal  friction  (Q,i,',)  and  temperature  of 
its  half  maximum  value  as  a  function  of  the  measurement  frequency  for  PMN-IOPT. 
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whereas  the  magnitude  of  the  relaxation  is  relatively  frequency  indepoulent.  A  possible 
explanation  for  this  behaviour  is  that  the  thermal  fluctuations  of  the  local  elcctrostric- 
tivc  strains  cannot  follow  above  a  certain  frequency.  Further  evidence  for  such  a 
behaviour  in  relaxors  can  be  found  in  the  temperature  dependence  of  the  line 
broadening  of  the  dilTraction  peaks  in  PLZT-8-7  (Darlington  1989).  These  results  are 
illustrated  in  ligs.  12(n)-(c).  The  broadening  of  the  (200)  peak  starts  near  the  onset  of 
local  polarization,  and  seems  to  saturate  near  560  K,  whereas  the  broadening  of  the 
(220)  and  (321)  peaks  continuously  increases  ‘ween  approximately  5(‘''  and  250 K. 
This  shows  that  the  inhomogeneity  in  the  st  iin  held  associated  with  ihe  volume 
deformation  saturates  when  an  inhomogeneity  in  the  shear  deformation  ((220)  and 
(321)  peaks)  starts  to  develop.  A  possible  explanation  is  that  at  liigh  temperatures 
near  the  onset  of  reversible  polarization,  the  rhombohedral  strain  of  the  individual 
ferroelectric  distortions  is  largely  suppressed  due  to  their  emergence  in  an  elastically 
stiff  matrix.  The  matrix  is  soft  dielectrically  (high  permittivity)  so  the  polarization  can 


Fig.  12 
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X-ray  diffraction  peaks  as  a  function  of  temperature  for  PLZT -8-7  (65/35)  taken  from  Darlington 
(1989)  where  Tg  is  the  Burn's  temperature  and  T,  the  freezing  temperature:  (a)  the  (200) 
peak,  (6)  the  (220)  peak,  and  (c)  the  (321)  peak. 
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Fig.  13 


Diagram  illustrating  the  proposed  temperature-dependent  relaxation  time  spectrum  where  G(t) 
is  the  number  ol micro-polar  regions  havinga  relaxation  lime  t;  (u)  anelaslic  distribution, 
(6)  dielectric  distribution. 

occur,  but  elastically  the  rhombohedral  variants  are  cubically  clamped.  Consequently 
the  strain  fields  associated  with  the  volume  deformation  are  inhomogeneous  and  static. 
At  lower  temperatures,  as  the  kinetics  of  the  polarization  fluctuations  slow  down  due  to 
the  build  up  of  correlations,  the  polar  regions  may  be  able  to  lower  their  free  energy  by 
deforming  in  a  correlated  manner  which  preserves  the  cubic  dimensions.  Inversion  of 
the  polarization  leaves  the  elastic  environment  unchanged,  but  the  rotation  of  the 
polarization  involves  rearrangements  of  the  local  elastic  minima.  The  free  energy  may 
then  be  lowered  by  allowing  the  local  strain  fields  to  become  dynamic,  consequently  an 
inhomogeneity  in  the  shear  strain  develops.  The  implication  is  that  the  anelastic  and 
dielectric  relaxation  time  distributions  do  not  need  to  be  equivalent,  but  rather  varying 
differences  between  the  two  may  occur  as  a  function  of  temperature  or  frequency 
depending  on  whether  the  polarization  is  free  to  deform  or  clamped.  At  lower 
temperatures  near  7,  the  relaxation  time  distributions  would  be  very  similar.  For 
comparison  the  Vogel-Fulcher  freezing  temperature  of  PLZT-9  has  been  estimated  as 
265  K  which  is  close  in  agreement  with  the  temperature  of  the  saturation  in  the 
broadening  of  the  (220)  and  (321)  peaks. 

A  model  of  a  temperature  dependent  relaxation  time  spectrum  is  presented  in  fig. 
13(<i)  for  the  anelastic  response.  A  model  previously  proposed  for  the  dielectric 
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response  is  shown  in  fig.  13(h)  for  comparison  (Viehland  et  al.  1990).  These  models  are 
not  quantitative,  but  are  qualitatively  consistent  with  experimental  observations.  The 
isothermal  width  for  both  spectra  is  shown  to  become  very  broad  near  Tf  with  the  mean 
value  (t.v)  approaching  the  macroscopic  time  regime.  Relaxation  is  also  shown  to  exist 
to  temperatures  significantly  below  T,  n.s  a  reflection  of  the  size  dispersion  of  the 
inonicnls.  Above  T,  the  isotlieniiul  widths  of  the  relaxation  time  spectra  con¬ 
tinuously  sharpen  with  increasing  temperature.  The  shortest  relaxation  time  (T„i„)  for 
the  anelastic  relaxation  is  shown  to  approach  a  critical  frequency  (Tci,mp)  at  which  point 
the  anelastically  active  orientations  are  becoming  inaccessible  to  the  polarization  due 
to  the  stiffening  of  the  matrix.  This  frequency  is  shown  to  be  much  lower  than  the  Debye 
frequency  (tj).  Upon  further  increment  of  the  temperature  t„  and  are  shown  to 
approach  tdamp  for  anelastic  response.  The  maximum  value  of  the  distribution  is 
shown  to  be  relatively  frequency  independent  to  reflect  the  weak  frequency  dependence 
of  the  relaxation  magnitude.  The  maximum  value  of  the  distribution  for  the  anelastic 
response  is  shown  to  be  smaller  than  that  for  the  dielectric  response  to  illustrate  the 
relative  magnitudes  of  their  respective  losses. 

§4.  Conclusions 

Evidence  for  a  Vogel-Fulcher  type  freezing  of  the  anelastic  response  has  been 
found.  It  has  subsequently  been  proposed  that  the  freezing  process  in  relaxors  is 
partially  controlled  by  randomly  orientated  local  electrostrictive  strain  fields.  The 
existence  of  an  internal  strain  which  decreases  on  biasing  has  been  confirmed  by 
line  broadening  of  the  (220)  diffraction  peak.  The  frequency  dependence  of  the  anelastic 
relaxation  has  also  been  investigated.  It  has  been  found  that  the  kinetics  of  the  anelastic 
relaxation  is  substantially  different  from  the  dielectric  relaxation  at  higher  frequencies. 
A  softening  of  the  elastic  response  to  the  amplitude  of  the  applied  stress  has  also  been 
found  which  was  explained  as  a  stress  activation  of  the  internal  deformation  process. 
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The  field  dependence  of  the  dielectric  response  has  been  measured  for  lead  magnesium  niobate 
relaxors.  The  frequency  dispersion  of  the  temperature  of  the  permittivity  maximum,  ,  was 
analyzed  using  the  Vogel-Fulcher  relationship.  The  field  dependence  of  the  permittivity  at 
various  temperatures  was  also  modeled  using  a  phenomenological  expansion  in  the  electric 
field.  The  activation  energy  and  a  softening  of  the  dielectric  response  were  found  to  be 
maximum  under  a  small  bias.  The  freezing  temperature  was  found  to  be  minimum  near  this 
same  bias.  These  results  are  interpreted  to  mean  that  the  moments  of  the  polar  clusters  do  not 
freeze  in  random  orientations,  but  rather  locally  preferred  configurations  of  moments  are 
proposed  to  exist.  Evidence  is  presented  that  the  scale  of  these  configurations  is  approximately 
1(X)  A.  At  higher  biases  the  relaxation  mechanism  was  shut  down;  consequently,  the  nonlinear 
response  was  stiffened  and  increased.  The  nonlinear  response  was  also  found  to  be 
maximum  near  the  freezing  temperature. 


I.  INTRODUCTION 

Lead  magnesium  niobate  (PMN)  was  the  first  ferro* 
electric  discovered  which  exhibited  a  classic  dielectric  relax* 
ation'  and  consequently  was  designated  a  relaxor  ferroelec¬ 
tric.  Since  that  time,  many  relaxors  have  been  identified  in 
mixed  oxide  systems,  primarily  in  the  perovskite  and  tung¬ 
sten  bronze  structure  families.  Relaxors  are  unable  to  sustain 
a  macroscopic  polarization  until  temperatures  significantly 
below  the  dielectric  maximum  (K^, ),  but  a  local  polariza¬ 
tion  is  known  to  exist  until  much  higher  temperatures.* 
These  locally  polarized  regions  are  believed  to  have  rhombo- 
bedral  symmetry*  and,  consequently,  eight  equivalent  var¬ 
iants.  In  consideration  of  these  findings,  Croe*  suggested 
that  the  polar  clusters  are  superparaelectric  with  the  polar¬ 
ization  thermally  fluctuating  between  equivalent  directions. 
The  density  of  the  polar  clusters  as  observed  by  transmission 
electron  microscopy*^  (TEM)  is  high  enough  that  collec¬ 
tive  effects  between  clusters  may  be  significant.  Viehland  ei 
al.^  have  consequently  suggested  that  the  fluctuations  havea 
freezing  temperature  similar  to  spin  glasses.  Similar  behav¬ 
ior  in  which  long-range  polar  order  is  in  conflict  with  ran¬ 
dom  freezing  has.  been  reported  in-KTar -*^b,0,,*  * 
Ki.^Li^TaO,,'"  and  K,.,(NH4),HjPO,."  Bums  and 
Dacol'*  and  ^vton  et  al.'^  have  previously  discussed  the 
similarities  of  PMN  relaxors  to  dipole  and  spin  glasses. 

Relaxors  are  known  to  be  strongly  nonlinear  materials. 
The  dielectric  permittivity'*’'*  and  elastic  constants'*"'* 
have  both  been  reported  to  be  altered  by  an  electric  field.  It  is 
generally  believed  that  the  nonlinearities  are  a  reflection  of 
the  macroscopic  polarization  which  can  be  sustained  by  an 
electric  field  to  much  higher  temperatures.  The  polarization 
is  completely  reversible  and  collapses  when  the  field  is  re¬ 
moved.  Pan  et  at. '  *  have  investigated  the  field  dependence  of 
the  room-temperature  dielectric  constant  in  PMN;  they 
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found  strong  nonlincarities  and  a  suppression  of  the  frequen¬ 
cy  dispersion  at  higher  biases.  Xi,  Zhilli,  and  Cross'*  pro¬ 
posed  an  electric-field-induced  micro-macro  domain  transi¬ 
tion  in  La-modified  lead  zirconate  titanate  with  8  at.  %  La 
and  a  Zr/Ti  ratio  of  6S/3S  near  the  temperature  of  the  onset 
of  a  macroscopic  poiarizatitm  to  account  for  the  field  depen¬ 
dence  of  the  dielectric  response. 

Spin  glasses  can  be  viewed  as  interacting  superparamag- 
netic  clusters.*'’  These  materials  are  characteriaxd  by  a 
freezing  temperature  at  which  the  fluctuations  of  the  mag¬ 
netic  moment  condense  and  by  conflicting  interactions.  Spin 
glasses  are  also  known  to  be  strong  nonlinear  materials  mag¬ 
netically.  It  is  generally  believed  that  the  change  in  proper¬ 
ties  is  a  reflection  of  an  alignment  of  spins  and  an  ordering  of 
nearest-neighbor  interactions,  leading  to  a  change  in  the  dy¬ 
namics  of  the  freezing  process.  The  magnetic  permittivity,* ' 
temperature  of  the  permittivity  maximum,**  and  the  onset 
of  irreversibility**  have  all  been  reported  to  be  altered  by 
magnetic  fields.  The  purpose  of  this  work  was  to  investigate 
the  field  dependence  of  the  freezing  process  and  the  nonlin¬ 
ear  permittivity  in  PMN  relaxors.  The  field  dependence  of 
the  dielectric  response  has  been  comprehensively  measured 
up  to  bias  levels  above  saturation. -  - 

II.  EXPERIMENTAL  PROCEDURE 

The  samples  used  in  this  study  were  PMN  ceramics  with 
I0at%  PT  (PMN-IOPT).  They  were  prepared  as  described 
by  Pan.**  The  1(X)  Hz  dielectric  maximum  was  near  40  *C. 
The  samples  were  free  of  aging  as  descnlied  by  Pan,**  free  of 
pyrochlore  as  described  by  Swartz  and  Shrout,**  of  dimen¬ 
sions  1  cmxO.S  cniX0.0S  cm,  and  electroded  with  gold. 
Stoichiometric  aging  free  samples  were  used  to  avoid  a  po¬ 
tential  complication  of  the  relaxation  mechanism  by  a  defect 
structure. 

The  dielectric  response  was  measured  as  a  function  of 
frequency  and  temperature  at  bias  levek  of  0, 0.S,  1 , 2, 3, 4, 5, 
6,  7,  8, 10,  12,  14, 20,  and  28  kV/cm.  The  frequencies  used 
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FIG.  1.  Dielectric  constant  and  dissipation  factor  as  a  function  of  tempera¬ 
ture  at  measurement  frequencies  of  0.1, 1. 10, 100,  and  1000  kHz.  The  lar¬ 
gest  dielectric  consunt  and  dissipation  factor  are  the  0. 1  kHi,  the  smallest 
are  the  1000  kHz,  and  the  other  curves  between  are  in  order  of  increasing 
frequency,  (a)-(d)  areat  bias  levels  of  0, 8, 20,  and  28  kV/cm  respectively. 


were  0.1, 0.2, 0.4, 1, 2, 4, 10, 20, 40,  100,  200, 400,  and  1000 
kHz.  Measurements  were  made  in  the  temperature  range  of 
0-1 50  *C  by  cooling  at  a  rate  of  1  *C/min.  The  measurements 
were  made  using  an  HP4275A  and  4274A  LCR  meters.  Two 
large  blocking  capacitors  were  used  to  protect  the  dielectric 
bridge  from  possible  dielectric  breakdown  of  the  sample.  A 
20-Mn  resistor  was  put  in  series  with  the  dc  power  supply  so 
as  not  to  bypass  the  ac  current  from  the  capacitance  bridge. 

III.  RESULTS 

The  field  dependencies  of  the  dielectric  responses,  both 
real  and  imaginary,  are  illustrated  in  Figs.  l(a)-l(d)  for 
bias  levels  of  0, 8, 20,  and  28  kV/cm,  respectively.  It  can  be 
seen  that  an  electric  field  reduces  the  dielectric  constant, 
suppresses  the  frequency  dispersion,  and  increases  the  tem¬ 
perature  of  the  dielectric  maximum.  Also,  the  dielectric  loss 
was  reduced  and  showed  a  more  pronounced  maximum.  Un¬ 
der  larger  biases,  Maxwell-Wagner  losses  are  evident  at  high 
temperatures  as  shown  in  Figs.  1(c)  and  1(d).  The  loss  is 
not  shown  in  Fig.  1(d)  above  80 *C  in  order  to  make  the 
graph  distinguishable. 

The  field  dependence  of  K is  shown  in  Fig.  2(a).  The 

0.1 -kHz  was  approximately  15  (X)0  under  0  kV/cm, 
decreased  slowly  at  lower  bias  levels,  and  then  decreased 
quadratically  to  approximately  1500  under  28  kV/cm.  At 
higher  frequencies,  showed  less  field  dependence,  but 
no  dispersion  of  was  observed  above  1()  kV/cm.  The 
field  dependence  of  the  temperature  of  the  dielectric  maxi¬ 
mum  (7* _ )  is  shown  in  Fig.  2(b).  TheO.l-kHz  T _ went 

through  a  minimum  of  approximately  38  *C  under  3  kV/cm 
and  then  increased  to  approximately  110*C  under  28 
kV/cm.  Similar  results  were  obtained  for  the  other  frequen¬ 
cies.  At  higher  measurement  frequencies,  was  less  de¬ 
pendent  on  the  bias,  but  no  dispersion  was  observed  above  10 
kV/cm  in  the  frequency  domain  investigated. 

IV.  DISCUSSION 

The  strong  field  dependence  of  the  dielectric  permittivi¬ 
ty  can  be  interpreted  in  terms  of  an  alignment  of  the  mo- 


e 

C 


(a) 


FIG.  2.  (a)  Permittivity  maximum  )  as  a  function  of  dc  bias  level. 
The  measurement  frequencies  were 0. 1,  I,  10,  100.  and  1000  kHz.  The  lar¬ 
gest  are  the  0.1  kHz.  the  smallest  are  the  1000  kHz.  and  the  other 
curves  between  are  in  order  of  increasing  frequency,  (b)  Temperature  of 
permittivity  maximum  ( )  as  a  function  ofbias  level.  The  measurement 
frequencies  were  0.1. 1, 10. 100,  and  1000  kHz.  The  lowest  temperatures  are 
theO.I  kHz,  the  highest  are  the  1000  kHz.  and  the  other  curves  between  are 
in  order  of  increasing  frequency. 


mcnis  of  polar  clusters.  The  permittivity  decreased  by  ap¬ 
proximately  an  order  of  magnitude  under  a  bias  level  of  28 
kV/cm  relative  to  0  kV/cm.  At  higher  biases,  the  sample 
probably  has  reached  saturation  with  nearly  all  moments 
aligned,  and  consequently  the  dielectric  response  (SP/SE)  is 
lower.  The  polarization  behavior  for  PMN-  lOPT  has  recent¬ 
ly  been  modeled  by  modifying  Neel's  equilibrium  equation 
for  superparamagnetic  clusters  to  include  an  effective  inter¬ 
nal  field.^^  A  more  complete  understanding  of  the  field  de¬ 
pendence  of  the  relaxor  behavior  might  be  obtained  by  a 
careful  analysis  of  the  kinetics  of  the  dielectric  response  and 
its  nonlinear  contribution. 

The  frequency  dependence  of  the  temperature  of  the 
permittivity  maximum  can  be  modeled  using  the  Vogel- 
Fulcher  relationship’'^’  ■’*  given  in  Eq.  ( 1 ): 

o  =/o  Vt)  ^  ‘  ^ 

V^(  ^m*«  ~  Tf)  ) 

where /,  is  the  Debye  frequency,  E,  is  the  activation  energy, 

T _ is  the  temperature  of  the  permittivity  maximum,  and 

7)  is  the  freezing  temperature.  Tlie  13  pairs  of  )  for 

each  bias  level  below  10  kV/cm  were  analyzed  using  a  Le- 
venberg-Marquardt  nonlinear  fitting  to  Eq.  ( I )  solving  for 
To,  £.,  and  T/.  The  analysis  was  done  assuming  that/,  was 
constant  at  all  bias  levels.  A  value  of  1.03  X 10”  s  ~  '  resulted 
in  minimum  variance.  The  resultant  values  for  E,  and  are 
given  in  Table  I  along  with  the  corresponding  bias  level. 
Figures  3(a)  and  3(b)  show  £,  and  as  a  function  ofbias, 
respectively.  £,  went  through  a  maximum  near  3  kV/cm 
and  then  decreased  quadratically  to  zero  near  10  kV/cm.  Tf 
went  through  a  minimum  near  3  kV/cm  and  then  increased 
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TABLE  I.  Activaliuii  energy  (£„  )  and  freezing  lemperalure  ( T, )  tabulated 
along  side  the  corresponding  bias  level. 


Bias(kV/cni)  L'„(eV)  7,  (K) 

0.00  0.0407  2<f|.50 

I. a)  0.04  Id  290.25 

2.00  O.IM26  289.  .17 

3.00  0.0430  288.79 

4.00  0.0425  288.85 

5.IX)  0.0395  290.8(1 

6.00  0.0363  293.51 

7.00  0.0287  299.56 

8.00  0.0217  306.20 


dramatically  above  10  kV/cm.  The  field  dependence  of  the 
permittivity  was  modeled  with  a  phenomenological  expan¬ 
sion  in  the  electric  field  as  given  in  Eq.  (2): 

X(E,T)=x,AT)  -I-  yAT)E-  +  xA'HE*  +  ■■■  ,  (2) 
where  T)  is  the  zero-licld  perniitiivity,  y,  (  T)  is  the  sec¬ 
ond-order  tionlineuriiy,  and  (  7  )  is  the  fourth-order  non¬ 
linearity.  The  fitting  of  the  data  is  shown  as  the  solid  lines  in 
I'igs.  4(a)-4(d).  and  the  experiinental  data  as  the  solid  cir¬ 
cles.  \';  and  \'4  as  a  function  of  temperature  at  measurement 
frequencies  of  0. 1  and  100  kHz  are  shown  in  Figs.  5(a)  and 
5(b).  respectively.  Doth  nonlinear  components  had  anoma¬ 
lous  behavior  near  15  °C.  which  is  close  to  7',.  The  second- 
order  nonlinearity  was  positive  (soft)  near  T,,  but  became 
negative  (stilT)  at  higher  and  lower  temperatures.  The 
fourth-order  nonlinearity  was  soft  above  60  °C  and  became 
stiff" at  lower  temperatures.  Similar  results  were  obtained  at 
the  other  measurement  frequencies,  but  are  not  shown  in 
order  to  make  the  graph  distinguishable.  The  magnitude  of 
both  nonlinear  components  decreased  with  increasing  fre¬ 
quency. 


tc)  BIASIkV/cml  (d)  BlkSIkv/cn) 


FIG.  4.  Periiiinivily  as  a  fuiiclioii  of  bias  level  al  various  lemperalures  for 
measurement  frequencies  of  U.  I,  1.  lU,  l(X).  and  l(XX)kHz.  The  solid  poinis 
are  the  experimental  data,  and  the  solid  line  is  the  curve  fining  to  Eq.  (2). 
Hie  highest  dielectric  respon.se  is  the  0. 1  kHz.  the  lowest  is  the  KXX)  kllz. 
and  the  other  curves  between  arc  in  order  of  increasing  frequency,  (a)-(d) 
areal  nicasurcmenl  temperatures  of  0.  IS.  25.  and  40  "C,  respectively. 

The  strong  decrease  in  indicates  that  a  large  dc  bias 
shuts  down  the  relaxation  mechanism.  The  electric  field  may 
split  the  degeneracy  of  the  eigitl  equivalent  rhombohcdral 
states  and  significantly  change  the  depths  of  the  potential 
wells.  As  a  con.sequence,  the  polarization  can  no  longer  ro¬ 
tate  between  neighboring  directions  near  this  “pinch-off.” 
The  degeneracy  of  the  variants  is  not  split  in  normal  ferro- 
electrics  because,  before  the  required  field  level  is  reached, 
domain  wall  motion  sets  in.  The  field  dependence  of^^  for  a 
rotation  of  the  magnetic  moment  of  a  superparamagnetic 
cluster  was  derived  by  Neel.*'*  A  similar  expression  in  terms 
of  the  electric  field  for  a  superparaelectric  cluster  is  given  in 
Eq.  (3): 


FIG  3  (a)  Aclivalimi  energy  ( /T,, )  av  a  function  of  bias  level  (b)  Freezing 
temperature!  T, )  as  a  function  of  bia<i  level.  E„  and  7,  »  ere  calculated  u.siiig 
Eq  ( I ) 


-40  -20  0  20  40  60  BO  100 

(a)  TEMPERBTUREtC) 


Ibl  TEMPERATURE  (C) 

FIG.  5.  (a)  Second-order  nonlinear  dielectric  response  (  y, )  as  a  function 
of  temperature  where  7,  isthefreezing  temperature,  (b)  Fourth-order  non¬ 
linear  dielectric  response  (  y. )  as  .i  function  of  temperature  Both  figures 
sliow  data  for  measurement  frequencies  of  0  I  and  100  kHz 
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where£'istheappliedr>eld.andEi  is  the  anisotropy  field. 
can  be  approximated  as  2£„  (0)//’,.^  ,,  I','"  where is  the 
local  polarization,  and  I' is  the  cluster  volume.  £„(0)  was 
0.0407  e  V,  and  tlie  cluster  diutnctcr  of  I’M  N  has  l>een  report  - 
ed  to  be  between  2  and  5  nm.' "  The  mean  cluster  diameter 
can  be  assumed  to  be  the  average  of  these  two  values,  and 
assuming  spherical  regions,  the  volume  cun  be  approximated 
as  2.5  X  10  ^"cm'.  The  local  polarization  has  been  found  to 
be  approximately  0.25  C/m%'  andf^i  can  then  be  estimated 
as  22  kV/cm.  The  fluctuation  frequencies  at  40  °C  under  10 
kV/cm  for  the  0°,  70°,  110°.  ud  180°  variants  are  then 
2x10  ",  0.5,  2.5x10',  and  1.5x10“  Hz,  respectively. 
Some  relaxation  may  be  delected  due  to  rotations  between 
the  1 10°  and  70°  variants  ai  measurement  frequencies  above 
100  kHz,  but  the  population  of  these  states  is  relatively 
small.  The  average  relaxation  time  under  10  kV/cm,  then,  is 
so  long  compared  to  the  half-cycle  of  the  measurement  that 
the  system  is  e.s.seiilially  kinelicallv  frozen.  This  model  can 
qualitatively  descril'  ■  die  shut  do  the  relaxation  mech¬ 
anism,  but  it  predict  hat  /  shoi  reuse  significantly  at 

low  bias  levels.  The  measured  £„  .i.  lually  increased  until  a 
threshold  bias. 

To  more  accurately  describe  the  field  dependence  of 
the  effect  of  cluster  interactions  n;  •  ds  to  be  included.  Inter¬ 
actions  have  recently  been  accounted  for  by  including  an 
internal  field.’*’  The  internal  field  was  treated  •••-  a  niacrc'- 
scopic  average,  bin  re  will  also  be  local  '  ole  fields 
lielweeii  cluster  nn  'is  in  the  unclecti  d'  cl  sta'  which  are 
probably  raiidonilv  <m  icntated  as  evideiii  '  by  a  lack  of  mac¬ 
roscopic  polarization  and  anisotropy.  One  of  the  effects  of  a 
local  field  will  be  to  change  the  depths  of  the  potential  wells 
and  to  make  tln  in  dependent  on  the  configurations  of  • 
boring  clusters.  A  possible  explanation  of  the  maxiir.  . 
£„  at  3  kV/cm  then  is  that  the  sample  becomes  internally 
bia.sed  by  finding  kKally  preferred  configurations  of  mo- 
ment.s.  Under  a  small  electric  field,  then,  a  threshold  is 
reached  where  on  the  global  average  the  difference  between 
the  potential  minima  is  smallest.  Assuming  that  the  local 
internal  biases  have  a  net  direction  along  one  of  the  rhombo- 
hedral  orientations  the  0°.  70°.  1 10°,  and  180°  variants  are 
lowered  by  A£„.  A£.,  cos  70,  A£„  cos  1 10,  and  —  A£„,  re¬ 
spectively.  The  average  '  ,’laxation  time  ( r,,^. )  can  be  ap¬ 
proximated  by  a  statistii  average  over  the  entire  set  of  re¬ 
laxation  times  if  the  splitting  of  the  degeneracy  is  much 
smaller  than  £„.  An  approximation  for  r,,„.  is  given  in  Eq. 
(4): 


r,.  ,  (  £„  -1  A£„  V  /*  £„  -  A/.,. 

/£„  +  A£.,  cos  W\ 

+  3  exp(^"  ~  )]  . 

V  kiT, . -r,)  J\ 


i-ii 


where  £„  is  the  activation  energy  under  3  kV/cm,  at  which 
point  £„  was  maximum  and  presumablv  the  energy  differ¬ 
ence  between  the  v;iiiants  smallest.  Equation  (4)  was  mod¬ 
eled  using  a  i  ar  analysis  program  solving  for  A£„, 


which  yielded  a  value  of  0.005  eV.  The  analysis  was  done 
simultaneously  for  all  measured  frequencies  under  zero  bias 
in  order  to  obtain  the  best  estimate. 

file  decrease  in  7',  and  the  softening  of  the  dielectric 
respon.se  can  be  uiidcrsli'od  in  terms  of  an  enhanced  fluctu¬ 
ation  kinetics  under  sm  II  biases.  The  magnitude  of  ^'2 
AT,  were  small,  which  is  undoubtedly  a  reflection  of  the 
sm  "  valueof  A£„.  An  approximation  for  an  internal  bias  in 
the  iinelectrified  state  can  be  obtained  by  setting  A£„  equal 
to  an  electrical  energy  as  given  in  Eq.  (5): 

(5) 

wl  £„,  is  an  internal  bias.  £„,  is  not  the  mean  value  of  the 
ran  Ml  dipole  field,  but  rruh'-r  reflects  the  dependence  of  £„ 
on  till,  configurations  of '■  boring  moments.  Kand 
were  approximated  above  .is  2.5x10  cm'  and  0.25 
C/nr’.  respectively.  £,,  can  then  be  estimated  as  2.5  kV/cm, 
which  is  nearly  equal  to  the  field  level  at  which  y  was  maxi¬ 
mum  and  Tf  minimum.  This  indicates  that  the  maximum 
softening  of  the  dielectric  response  and  minimum  T,  may 
occur  at  a  threshold  field  which  overrides  the  local  configu¬ 
rations.  The  loi  il  dipole  fields  may  lend  to  hically  align  the 
cluster  momeii'  consequently  slowing  down  the  fluctu¬ 
ations.  II  the  '  of  th  ’  al  configur;'0  ms  is  small,  the 
preferred  alignment  wi  rage  out  o.  a  macroscopic 
scale,  but  the  effect  on  fluctuation  kinetics  will  not.  A 
small  applied  bias  adjusts  the  potential  wells  and  on  a  global 
average  decreases  A£„.  consequently,  the  fluctuation  kinet¬ 
ics  are  enhanced.  The  maximum  softening  and  minimum  7 , 
then  occur*  ''  lien  the  potential  variants  are  closest  to  being 
equivalci*' 

Apo*  welln*'  '  i  which  describes  the  field  depen- 
denceoftl  valen  iantsisshowninFigs.  6(a)-6{c). 
Figure  6(a)  icpreseni>  1  iic  unbiased  slate  and  illustrates  that 
the  degeneracy  of  the  equivalent  variants  is  inherently  split. 
The  splitting  energy  is  shown  as  A£.  Figure  6(b)  represents 
the  average  potential  well  under  3  kV/cm.  This  figure  shows 
that  the  variants  are  essentially  all  of  the  same  depth.  At  this 
point  the  moment  can  most  readily  access  all  variants.  Fig- 
■  '  'c)  show  -  the  av  •  e  potential  well  near  “pinch-ofT' 

V  the  rela  ;i(ion  r  hanism  has  >-  '.cntially  been  shut 

<i  This  figi  *  sho\  that  the  varia  antiparallel  to  the 

lieio  has  been  rul^cd  by  nearly  £„  and  the  variant  parallel  to 
the  field  lowered  by  £„ . 

The  glassy  nature  of  relaxors  in  the  unelectrified  state 
probably  arises  due  to  the  random  dipole  fields  between  clus¬ 
ter  moments.  If  the  dispersion  in  the  local  dipole  field  is  of 
the  same  order  as  the  mean  local  field,  then  the  macroscopic 
system  may  try  to  partially  order  the  cluster  moments.  If  the 
mean  local  field  cannot  override  the  iiihomogencily,  a  global 
equilibrium  cannot  be  established.  Vugeineister  and  Glin- 
chuk"  have  proposed  a  dipole  interaction  theory  for  strong¬ 
ly  polari.  I'.-  solids  with  soft  phonon  modes.  The  prediction 
of  this  lli.'  iy  is  that  if  1,  then  the  dipoles  will  favor  a 
ferroelectric  ordering,  and  if  Nr'  <1,  then  the  dipoles  will 
freeze  randomly,  where  N  is  the  dipole  density  and  r,  is  the 
correlation  radius.  A' can  be  a|  pioximated  as  f'^/F,  where 
Ej  is  the  volume  fraction  of  the  polar  clusters,  fy  is  not 
known  precisely,  but  will  be  roughly  estimated  here  as  j  from 
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FIG.  6.  Oiagnm  illustrating  the  proposed  potential-well  model  which  de¬ 
scribes  the  field  dependence  of  the  dielectric  response.  £.  is  the  activation 
energy,  A£  is  the  inherent  zero  field  splitting  of  the  equivalent  variants,  and 
"E,  is  the  activation  energy,  at  which  point  the  energy  difleretKe  between  the 
variants  is  smallest,  (a)-(c)  are  for  dc  bias  levels  of  0, 3,  and  10  kV/cm. 

TEM  micrographs.’'*  The  correlation  length  has  been  found 
to  saturate  near  freezing  at  200  A,”  and  the  correlation  radi¬ 
us  may  be  approximated  as  100  A.  Nt^t  can  then  be  estimated 
for  PMN  as  10.  This  indicates  that  relaxors  are  not  ideal 
dipole  glasses,  but  have  some  tendency  towards  ferroelectric 
ordering  of  the  cluster  moments.  This  ordering  obviously 
does  not  go  to  completion:  the  macroscopic  system  may  in¬ 
stead  establish  preferred  configurations  of  orientations  of 
cluster  moments.  Below  7)  the  macroscopic  system  is  stuck 
in  these  configurations  and  cannot  establish  a  normal  polar 
state.  The  implication  is  that  relaxors  freeze  into  configura¬ 
tions  which  have  a  texture  on  the  nanometer  scale  and  that 
this  texture  is  the  “precursor”  to  long-range  polar  order  of  a 
macTOdomain  state.  The  scale  of  these  configurations  below 
Tf  can  be  assumed  to  be  approximately  the  same  as  the  maxi¬ 
mum  correlation  length.  This  scale  is  such  that  on  a  global 
average  the  preferred  alignment  averages  out,  and  no  macro¬ 
scopic  polarization  or  anisotropy  is  ol^rved. 

Locally  preferred  configurations  could  arise  by  the  mac¬ 
roscopic  system  balancing  the  configurations  of  nearest  and 
next-nearest  cluster  moments.  The  local  effect  may  be  that 
the  potential  minima  of  the  variants  are  split  by  dipole-di¬ 
pole  interactions  in  such  a  manner  that  on  a  global  average 
the  0*  variant  is  lower  for  nearest-neighbor  configurations 
and  the  70*  or  1  SOT  variant  is  lower  for  next-nearest-neighbor 
configurations.  The  macroscopic  system  may  minimize  its 
frustration  by  partially  satisfying  the  drive  for  an  ordering  of 
the  moments.  It  is  generally  believed  that  spin-glass  behavior 
is  a  reflection  of  competing  interactions  which  lead  to  freez¬ 


ing.  1  he  implication  is  that  the  freezing  in  rela.xors  may  oc¬ 
cur  when  the  correlation  length  reaches  a  value  where  polar 
clusters  have  multiple  neighbors  which  are  mutually  polar¬ 
izing.  Other  nanoscale  interactions  could  lead  to  freezing  in 
relaxors.  and  in  fact  recent  results  indicate  that  the  freezing 
in  PLZT  could  be  due  in  part  to  strain  fields. 

The  results  suggest  that  there  may  be  a  hierarchy  of 
relaxation  processes  associated  with  a  complex  phase  space 
having  many  local  energy  minima  associated  with  different 
configurations  of  moment  orientations.  The  splitting  of  the 
degeneracy  of  the  equivalent  variants  can  serve  as  a  driving 
force  for  a  subsequent  search  for  an  optimum  configuration 
suppressing  the  fluctuation  kinetics.  The  cluster  moments 
may  then  be  able  to  relax  below  Tf  when  the  moments  of 
neighboring  polar  clusters  are  in  certain  improbable  configu¬ 
rations.  The  implication  is  that  the  relaxational  process  is 
not  truly  stochastic  in  that  the  “random  walk”  has  favored 
local  minima  which  drives  the  relaxation.  The  measured  val¬ 
ue  of  should  be  slightly  different  for  measurements 
made  on  heating  as  compared  to  cooling,  and  in  fact  the 
dielectric  response  has  been  found  to  be  different.”  At  the 
start  of  a  cooling  run,  the  moments  may  be  thermally  rando¬ 
mized,  destroying  the  local  configurations,  whereas  on  a 
heating  run  the  initial  state  is  not  disturbed.  The  low-field 
aging  of  the  dielectric  permittivity  in  PMN’*  can  also  be 
interpreted  using  this  model.  The  aging  occurs  over  long 
time  periods  near  the  maximum  in  the  permittivity.  The  re¬ 
laxation  time  of  the  aging  process  is  much  longer  than  that  of 
the  polarization  fluctuations  at  this  temperature,  indicating 
that  there  is  a  hierarchy  of  mechanisms.  Defects  may  be  able 
to  significantly  change  the  optimum  configuration,  and  con¬ 
sequently  the  permittivity  decreases  with  time  because  the 
kinetics  of  the  fluctuations  are  suppressed  as  more  favorable 
configurations  are  found. 

At  biases  above  3  kV/cm,  the  dielectric  response  be¬ 
came  stiff,  which  indicates  that  the  fluctuations  are  slowed 
down  by  large  electric  fields.  The  maximum  nonlinearites 
occurred  near  7),  which  is  close  to  the  temperature  where 
the  remanent  polarization  collapsed.’  It  is  perhaps  logical  to 
anticipate  the  nonlinear  response  to  be  optimal  at  this  point 
because  an  electric  field  can  most  effectively  repopulate  the 
orientations  of  the  moments  in  its  direction.  Consequently, 
the  randomness  of  the  dipole  fields  between  cluster  moments 
would  be  unstable  to  an  ordering  field  which  w  ould  effective¬ 
ly  give  a  nonlinear  feedback  to  the  dielectric  response.  At 
bias  levels  above  pinch-off.  Tf  and  7'„„,  increased  rapidly, 
approximately  80  *C  between  10  and  28  kV/cm,  and  seemed 
to  be  saturating  at  the  highest  bias  levels.  The  correlation 
length  is  known  to  be  field  dependent.”  As  the  correlatioa 
length  increases,  the  effective  cluster  volume  increases,  and 
consequently  the  interactions  between  polar  clusters  are 
longer  range  and  the  kinetics  of  the  fluctuations  are  slower. 
At  bias  levels  above  the  point  where  the  fluctuations  have 
condensed,  the  electrification  may  override  the  chemical  in- 
bomogeneity  which  normaly  prevented  long-range  polar  or¬ 
dering.  T^^  then  approaches  the  value  of  the  homogeneous 
state.  Near  saturation,  the  correlation  length  may  reach  the 
macroscopic  scale,  and  T*,,.,  saturates.  The  glassy  character 
of  relaxors  is  then  destroyed  by  a  large  applied  electric  field 
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which  orders  the  local  dipole  fields  and  establishes  a  global 
equilibrium. 


V.  CONCLUSION 

Evidence  for  local  configurations  of  the  moments  of  po¬ 
lar  clusters  in  PMN  relaxors  was  found.  A  small  applied 
field  is  believed  to  override  these  configurations,  enhancing 
the  kinetics  of  the  polarization  fluctuations.  Large  biases  are 
believed  to  order  the  local  dipole  fields  between  cluster  mo¬ 
ments,  destroying  the  dipole-glass  character  of  relaxors. 
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The  static  polarization  of  lead  magnesium  niobate  has  been  studied  using  a  standard  Sawyer- 
Tower  circuit.  The  square-to-slim-loop  hysteresis  transition  was  phenomenologically  modeled  by 
modifying  NmI's  equation  for  the  magnetization  of  a  superparamagnet  to  a  similar  relationship  for 
a  superparaelectric.  A  temperature-dependent  internal  dipole  field  was  included  to  account  for 
cluster  interactions.  The slim-loop  polarization  curves  were  found  to  scale  to  E/(T  —  T/),  where  E 
is  the  electric  field  and  Tj  the  freezing  temperature.  A  glassy  character  was  subsequently  proposed 
to  exist  in  the  zero-field-cooled  stale  with  local  dipole  fields  between  superparaelectric  moments 
controlling  the  kinetics  of  the  polarization  reversals  and  the  freezing  process.  Recent  quasielastic- 
neutron-scattering  results  have  been  interpreted  to  support  this  model. 


I.  INTRODUCTION 

Lead  magnesium  niobate  is  a  dispersive  fetroelectric. 
It  is  characterized  by  a  relaxation  of  the  dielectric  per¬ 
mittivity,  and  an  inability  to  sustain  a  macroscopic  polar¬ 
ization  for  temperatures  significantly  below  the  permit¬ 
tivity  maximum  ( T,., ).  Bums  and  Darol''^  have  shown 
that  a  local  polarization  exists  for  temperatures  far  above 
indicating  that  the  local  symmetry  is  lower  than  the 
global.  Randall  et  al.^  and  Chen,  Chang,  and  Harmer* 
have  shown  in  Pb(Mg,/,Nb2/3)0,  that  there  is  a  parti¬ 
tioning  on  the  nanometer  scale  into  clusters  which  are 
chemically  ordered  and  disordered.  Cross’  suggested 
that  the  size  of  these  clusters  is  such  that  the  polarization 
may  be  thermally  reversible,  analogous  to  super¬ 
paramagnetism.*  He  has  recently  proposed  that  a  cou¬ 
pling  between  polar  clusters  controls  the  kinetics  of  the 
polarization  fluctuations  and  the  development  of  frustra¬ 
tion  near  the  freezing  temperature  (Tf),  similar  to  spin 
glasses.’  Tf  was  determined  by  analyzing  (he  frequency 
dispersion  of  with  the  Vogel-Fulcher  relationship 
and  was  shown  to  agree  with  the  temperature  at  which  a 
stable  remanent  polarization  collapsed.  Similar  phenom¬ 
enological  modeling  has  been  used  in  spin  glasses.*'* 

In  the  zero-field-cooled  (ZFC)  state  the  structure  of 
f*b(Mg)/3Nb2/])Oj  appears  cubic  indicating  that  the  scale 
of  the  polar  behavior  is  smaller  than  the  coherence  length 
of  x-rays;  however,  in  the  field-cooled  (FO  state  the 
structure  appears  rhombohedral.  Optical  microscopy  re¬ 
veals  no  domain  structure  in  the  ZFC  state,  but  normal 
micrometer-sized  domains  are  observed  in  the  FC  state. 
Cross'*’  has  investigated  the  field  dependence  of  the 
dielectric  and  elastic  responses.  He  found  the  maximum 
nonlinearities  near  T^.  Bokov  and  MyPnikova"  and 
Smith”  have  previously  investigated  the  static  polariza¬ 
tion.  They  found  a  large  hysteresis  at  lower  tempera¬ 
tures,  but  with  increasing  temperature  it  decreased;  i.e.. 


the  so-called  square-to-slim-loop  transition. 

Spin  glasses  are  magnetic  systems  that  cannot  establish 
long-range  magnetic  ordering  in  the  ZFC  state  due  to 
some  form  of  a  chemical  or  structural  inhomogeneity. 
The  glassy  behavior  is  believed  to  arise  due  to  competing 
interactions  between  magnetic  moments  resulting  in  a 
freezing  of  the  magnetization  reversals  below  a  charac¬ 
teristic  temperature  iTy).  Freezing  has  been  shown  to 
occur  due  to  random  fields  between  clusters”  '*  and  a 
competition  between  ferromagnetic  and  antiferromagnet- 
ic  exchanges.'’  '*  The  FC  state  exhibits  behavior  resem¬ 
bling  a  normal  ferromagnet  below  Tj,  i.e.,  irreversibility 
and  hysteresis.'’ 

II.  EXPERIMENTAL  PROCEDURE  AND  RESULTS 

The  samples  used  in  this  study  were  Pb(Mg|/3Nb2/])03 
ceramics  with  10  at.%  PbTi03.  They  were  prepared  as 
described  by  Pan,  Jiang,  and  Cross.'*  The  samples  were 
free  of  aging,'*  were  free  of  pyrochlore  as  described  by 
Swartz  and  Shrout,'*  were  of  dimensions  1X0.5X0.03 
cm’,  and  were  electroded  with  gold.  The  hysteresis  loops 
were  measured  as  a  function  of  temperature  using  a  stan¬ 
dard  Sawyer  and  Tower  circuit.  Measurements  were 
made  between  150  and  —  50*C  on  cooling.  The  samples 
were  allowed  to  equilibrate  for  30  minutes  at  each  teir. 
perature.  The  cycling  frequency  was  50  Hz,  and  the 
maximum  bias  applied  was  20  kV/cm.  To  decrease  the 
low  frequency  impedance,  a  large  capacitance  (10  ^F) 
was  placed  in  series  with  the  sample. 

Static  polarization  curves  are  shown  in  Figs.  1(a)- 1(d) 
at  measurement  temperatures  of  —50,  10,  50,  and  1 10  *C, 
respectively.  The  experimental  data  are  the  closed  cir¬ 
cles,  and  the  solid  line  is  a  phenomenological  model, 
which  will  be  presented.  The  square-to-slim-loop  hys¬ 
teresis  transition  is  evident  in  the  figures.  The  polariza¬ 
tion  behavior  became  hysteretic  near  and  below 
The  saturation  polarization  was  approximately  20  C/m’ 
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8IAS(KV/cm)  BIAS(kV/em) 


8IAS<kV/cm)  BIAS(kV/cm) 


FIG.  1.  Polarization  curves  at  various  temperatures.  The  solid  points  are  the  experimental  data  and  the  solid  line  is  the  curve 
fitting  to  Eq.  (2).  (al-(d>  are  at  measurement  temperatures  of  —50,  10,  50,  and  1  lO'C,  respectively. 


at  lower  temperatures,  it  was  not  possible  to  drive  the 
sample  into  saturation  at  higher  temperatures  because 
breakdown  occurred.  Above  25  'C  the  remanence  was  so 
small  that  determination  of  the  coercive  field  was 
difficult,  but  at  lower  temperatures  it  increased  rapidly. 


III.  DISCUSSION 

In  systems  consisting  of  nanometer-scale  ferromagnetic 
or  ferroelectric  clusters  the  thermal  energy  of  the  particle 
can  strongly  influence  the  macroscopic  magnetic  or  polar 
properties.  These  clusters  are  designated  as  super- 
paramagnetic  or  superparaelectric,  respectively.  The 
magnetic  behavior  with  no  anisotropy  can  be  described 
by  a  Langevian  function,  but  real  systems  have  an  anisot¬ 
ropy  that  acts  as  an  energy  barrier  for  reorientation  as 
originally  proposed  by  Neel.*  The  polarization  behavior 
of  an  ensemble  of  uniform  noninteracting  clusters  having 
uniaxial  symmetry  can  be  described  by 

p=tanh  ■—  ,  III 

where  p  is  the  reduced  polarization,  E  the  electric  field.  P 
the  moment  of  the  cluster,  and  kT the  thermal  energy,  A 
consequence  of  Eq.  (I>  is  that  the  polarization  curves  at 
different  temperatures  should  superimpose  when  plotted 
against  £  /T,  the  analogous  behavior  has  been  observed 
for  numerous  superparamagnets.’"  ■'  The  implication  of 
the  superposition  is  that  at  higher  temperatures  it  takes 
more  electrical  energy  to  align  the  moments  against  the 
thermal  energy.  The  slim-loop  hysteresis  curves  of 
Pb(Mg,  ,Nb,,,>0,  with  10  at.%  PbTiO,  did  not  super¬ 


impose  when  plotted  against  E/T  as  shown  in  Fig.  2;  p  is 
obviously  more  strongly  temperature  dependent.  This 
may  be  a  reflection  of  interactions  between  polar  regions. 
Interactions  might  be  accounted  for  by  including  a  phe¬ 
nomenological  freezing  temperature.  Tf  has  been  previ¬ 
ously  estimated  as  18*C  for  Pb(Mg|/,Nb;^j)0,  with  10 
at.  %  PbTiO,.’  The  polarization  curves  plotted  as  a 
function  of  £  /( T  —  )  are  shown  in  Fig.  3.  It  is  obvious 

that  the  polarization  curves  nearly  superimpose. 

Interactions  between  superparamagnetic  clusters  have 


E/T(kV/K) 


FIG.  2.  Reduced  polarizalion  plotted  as  a  function  of  the 
temperature  normalized  electric  field  at  various  temperatures. 
The  arrow  visiialK  illusir.iles  the  direction  of  increasing  lem- 
pcrauire.  The  polarization  curves  shown  are  at  temperatures  of 
.tX.  4X,  .S4.  .S<f.  h<f.  86.  I  lO'C 
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FIG.  3.  Reduced  polarization  at  various  temperatures  plot¬ 
ted  as  a  function  of  EAT  — T/)  where  T/  is  the  freezing  tem¬ 
perature.  The  polarization  curves  shown  are  at  temperatures  of 
39.48,  54,  59,69,  86, 1 10 ‘C. 


been  reported  to  alter  magnetization  curves.  LxKal  inter¬ 
nal  Lorentz  fields  have  been  used  to  obtain  an  under¬ 
standing  of  the  magnetic  behavior  in  these  systems.^^*^^ 
A  relationship  for  a  superparaelectric  cluster  having 
rhombohedral  symmetry  including  an  internal  dipole 
held  follows: 


sinh 

P(£+ap) 

kT 

cosh 

F(£+ap) 

+3  cosh 

PcoslOfE  +ap) 

kT 

kT 

(2) 

where  p  is  the  reduced  polarization,  and  a  the  internal 
field.  The  hysteresis  curves  were  modeled  by  a  nonlinear 
least  squares  fitting  to  Eq.  (2),  shown  as  the  solid  lines  in 
Figs.  1(a)- 1(d).  The  fitting  was  done  by  allowing  the 
temperature  changes  to  be  absorbed  by  a.  P  can  be  ap¬ 
proximated  as  Pj  y,  where  P^  is  the  saturation  polariw- 
tion  and  K  the  chister-volume.' 'P^irapproximatcly  20 
C/m^,  and  the  cluster  diameter  has  been  found  to  be  be¬ 
tween  20  and  50  A.  Assuming  an  average  diameter  of 
35  A,  P  can  be  estimated  as  5XI0~^’  Ccm.  A  normal¬ 
ized  internal  bias  iy^Pa/kT)  as  a  function  of  tempera¬ 
ture  is  shown  in  Fig.  4.  The  reduced  remanent  polariza¬ 
tion  (p,)  can  be  approximated  by  setting  E  =0  in  Eq.  (2). 
Nonzero  solutions  for  p,  will  only  exist  when  y>4, 
which  occurred  between  10  and  20*C.  p,.  as  a  function  of 
temperature  is  shown  as  the  inset  of  Fig.  4.  The  tempera¬ 
ture  dependence  of  p,  was  calculated  by  using  the  experi¬ 
mental  values  for  y,  but  close  toTf  y  was  determined  by 
interpolation.  These  results  are  consistent  with  the  ex¬ 
perimental  polarization.^’" 

The  magnetization  and  polarization  of  spin  and  dipole 
glasses  are  known  to  be  irrevenible  below  T^. 
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FIG.  4.  Reduced  internal  field  (y  =  Pa/kT)  as  a  function  of 
temperature  where  Tj  k  the  freezing  temperature.  The  inset 
shows  the  reduced  remanent  polarization  (p, )  as  a  function  of 
temperature  as  calculated  from  Eq.  (3). 


The  irreversibility  is  believed  to  arise  due  to  the  onset  of 
nonergodicity.  In  particular  if  Sawyer-Tower  measure¬ 
ments  are  made  hystersis  is  observed.  This  hystersis 
has  been  shown  to  decrease  with  temperature,"  some¬ 
what  similar  to  Pb(Mg,/3Nb2/])03.  The  scaling  of  the 
polarization  to  £/(  T  —  Ty )  in  Pb(Mg|/3Nb2/3)03  with  10 
at.  %  PbTi03  is  strongly  suggestive  of  a  glassy  mecha¬ 
nism,  whereas  the  polarization  equation  of  state  was  de¬ 
rived  for  a  rhombohedral  superparaelectric  moment. 
Binder  and  Young'^  have  suggested  that  interacting  su- 
perparamagnetic  moments  should  be  treated  as  spin 
glasses.  It  is  proposed  that  the  polarization  of  the  relaxor 
is  glassy  due  to  interactions  tetween  superparaelectric 
moments.  In  the  ZFC  state,  the  lack  of  macroscopic  pc 
larization  indicates  that  the  moments  freeze  into  random 
orientations  devoid  of  long-range  order.  Local  dipole 
fields  may  try  to  polarize  neighboring  moments  over  a 
distance  of  a  correlation  length,  as  illustrated  in  Fig.  5. 
But  if  the  dispersion  in  the  fields  is  larger  than  the  aver¬ 
age  field,  long-range  ordering  is  impossible.  In  the  FC 
state  the  moments  freeze  into  ordered  configurations, 
characteristic  of  a  normal  ferroelectric.  A  somewhat 
similar  superparaelectric  glassy  model  has  been  proposed 

0.026.2* 


*  Fluctuations  couplaO 

•  Clotty  choroctar 


RG.  5.  Proposed  model  for  freezing  in  Pb(Mg,/jNbj,j)Oj 
where  £  is  a  local  internal  dipole  field  that  acts  to  couple  the 
polar  clusters.  The  open  circles  represent  the  polar  clusters. 
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FIG.  6.  The  correlation  length  as  determined  by  quasielastic 
neutron  scattering  as  a  function  of  temperature  where  7/  is  the 
freezing  temperature.  This  data  is  taken  from  Vaknishev.^  The 
inset  shows  the  modeling  of  the  frequency  dependence  of  the 
temperature  of  the  dielectric  relaxation  with  the  Vogel-Fulcher 
relationship  where  the  solid  points  are  the  experimental  data 
and  the  solid  line  is  the  curve  fitting. 

Recent  quasielastic  neutron  scattering  (QES)  results^^ 
on  Pb(Mg|y3Nb2/3)03  revealed  a  temperature  dependent 
correlation  length  (A.)  similar  to  spin  glasses,^  shown  in 
Fig.  6.  Near  400  K,  k  was  SO  A,  which  is  approximately 
equal  to  the  cluster  size  observed  by  TEM.*'*  In  the  tem¬ 
perature  interval  below  225  K,  k  was  nearly^temperature 
independent  with  a  maximum  value  of  200  A.  This  data 
can  be  interpreted  to  support  the  hypothesis  that  reiaxors 
are  interacting  superparaelectric  moments.  The  scale  of 
A.  supports  the  argument  that  the  glassy  character  arises 
due  to  random  fields  between  moments  on  the  mesoscopic 
level.  The  agreement  of  k  with  the  average  size  of  the 
clusters  at  higher  temperatures  supports  the  argument 
that  the  moments  are  decoupled  from  each  other  behav¬ 
ing  as  ideal  superparaelectrics.  On  cooling  A.  increased 
supporting  the  model  of  a  temperature-dependent  inter¬ 
nal  field  that  couples  the  moments  more  strongly.  For 
comparison  T f  has  been  estimated  to  be  217  K  by  analyz¬ 
ing  the  dispersion  of  using  the  Vogei-Fuicher  rela¬ 
tionship,  shown  as  the  solid  line  in  the  inset  of  Fig.  6. 
This  is  close  in  temperature  to  the  saturation  of  k,  a 


strong  broadening  of  the  relaxation  time  distribution,'* 
and  the  collapse  of  the  remanent  polarization.  This  indi¬ 
cates  that  the  saturation  of  A  at  200  A  may  occur  by  the 
system  freezing  into  local  configurations  of  moment 
orientations,  possibly  by  balancing  the  average  orienta¬ 
tion  of  nearest  and  next-nearest  neighbors  effectively 
compensating  the  local  polarization. 

Various  reasons  have  been  proposed  to  explain  the  ex¬ 
istence  of  short-range  order  in  dipolar  glasses.  The  glassy 
behavior  in  K,_j,Li_,TaO_,  is  believed  to  arise  by  a  cou¬ 
pling  of  the  Li  defect  structure  to  a  soft  mode  lowering 
the  local  symmetry  and  stabilizing  ferroelectric  clus- 
ters.^^'^^  In  KCl;OH“,  OH“  dipoles  arc  believed  to  exist 
that  have  six  orientations;  local  dipole  fields  are  believed 
to  couple  the  moments  resulting  in  glassy  behavior.^ 
The  low-temperature  phases  of  RbH2P04  and 
(NH4)H2P04  are  ferroelectric  and  antiferroelectric,  re¬ 
spectively;  frustrated  interactions  are  believed  to  lead  to 
glassy  behavior  in  their  solid  solution.^’ 
Pb(Mg,/3Nb2/3)03  is  probably  a  normal  ferroelectric  that 
cannot  establish  long-range  polar  order  due  to  gross  inho¬ 
mogeneities,  i.e.,  the  partioning  (phase  separation)  on  the 
nanometer  scale.’-*  Local  polarization  may  form  where 
allowed  by  this  “fossil  chemistry”  via  local  ferroelectric 
transitions;  dipole  fields  between  moments  then  subse¬ 
quently  lead  to  glassy  behavior. 

IV,  CONCXUSION 

Static  polarization  curves  for  Pb(Mg,/3Nb2/3)03  were 
parametrized  using  a  superparaelectric  model  that  in¬ 
cluded  an  internal  dipole  field.  Local  randomly  orientat¬ 
ed  dipole  fields  between  superparaelectric  moments  are 
believed  to  exist  in  the  zero-field-cooled  state  leading  to  a 
freezing  of  the  polarization  fluctuations.  A  dipole  glass 
model  for  reiaxors  was  subsequently  proposed. 
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Ferroelectric  properties,  electrooptic  properties,  and  the  polarization  mechanisms  of  the 
tungsten  bronze  ferroeUctric  lead  barium  niobate  Pb|  xnaxNb20ft  (PBN(l-x)%)  solid  solution 
system  with  emphasis  on  the  morphotropic  phase  boundary  (MPB)  compositions  (1-Ar~0.63)  are 
the  primary  contents  of  this  thesis.  This  study  is  directed  toward  (i)  the  potential  applications  of 
the  PBN  single  crystals  of  the  morphotropic  phase  boundary  compositions  as  electrooptic  devices 
and  (ii)  the  improved  understanding  of  the  polarization  mec  hanisms  in  lead-containing  tungsten 
bronze  fertoelectric  crystals  near  a  morphotropic  phase  boundary. 

Ferroelectric  single  crystal  and  ceramic  samples  of  Pb|.xBa,Nb205  (0.25<1— x~0.84)  were 
prepared  and  examinc‘<l  dui;  a.'  this  thesis  work.  Single  crystals  were  grown  by  the  Czochralski 
method.  It  is  shown  that  in  the  Ba-rich  PBN  (prototype  )  >int  symmetry  4/mmm)  the 
polarization  vector  is  along  the  c-axis,  while  in  the  Pb-rich  side  of  the  phase  diagram,  the 
polari/.tUon  vector  is  in  the  a-b  plane  parallel  to  the  <  1 10>  direction.  However,  over  the  range 
where  the  I  l>Nb206  conte  nt  is  60  c  .  66  mole  percent,  it  is  r  .1  from  the  X-ra  audies  that  the 
two  structures  coexist  in  polycrystallinc  samples  and  appcai  nearly  equal  in  ratio  at  63  mole 
percent  of  PbNb20j.  Dielectric  constant  maximum  and  the  fcrroelectric-paraelectric  phase 
transition  temperature  minimum  are  observed  at  the  morphotropic  phase  boundary  composition 
where  l-x  =  0.63. 

Ferroelectric  phase  relations  for  the  PbNb20j-BaNb206  solid  solution  system  are  studied  by 
measuring  the  dielectric  and  the  thermal  expansion  properties.  Ferroelectric-paraelectric  phase 
transition  in  Ba-rich  composition  (ferroelectric  4mm  ♦-*  paraelectric  4/mmm)  is  found  to  be 
diffuse  near-second  order  type  with  small  therm.il  hysteresis.  However,  the  phase  transition  in 
Pb-rich  compositions  (fenoelectric  m2m  «-•  paraelectric  4/mmm)  is  predominantly  diffuse  first 
order  type  with  large  thermal  hysteresis  (~30°C).  Thermal  hysteresis  is  more  prominent  in 


compositions  near  the  morphotropic  phase  boundary.  It  is  found  by  using  high  temperature  X- 
ray  diffraction  that  in  single  crystal  PDN6I.5  two  phase  transitions  take  place.  The  lower 
temperature  phase  transition  (at  ~125“C)  corresponds  to  the  phase  transition  across  the  MPB 
between  the  orthorhombic  m2m  and  the  tetragonal  4mm  phases  and  the  higher  temperature  phase 
transition  (at  ~290"C)  is  the  ferroelectric-paraelectric  phase  transition  between  tetragonal  4mm 
and  4/nmun  phases.  Very  large  thermal  hysteresis  (~70°C)  is  observed  for  the  lower  temperature 
phase  transition.  The  phase  diagram  of  PRN  solid  solution  is  updated  by  including  our 
experimental  data  into  the  previously  reported  phase  diagram  (Subbarao  1959)  with  a  curved 
morphotropic  phase  boundary  into  the  Ba-rich  side  between  ferroelectric  m2m  and  ferroelectric 
4mm. 

A  qualitative  thermodynamic  model  is  suggested  to  account  for  the  large  thermal  hysteresis 
observed  at  the  phase  transition  across  the  MPB.  Such  a  model  is  also  useful  in  understanding 
the  phase  transition  induced  by  an  electric  field.  Very  large  thermal  hysteresis  observed  for  the 
phase  transition  near  the  morphotropic  phase  boundary  is  an  indication  that  the  two  ferroelectric 
phases  are  very  similar  in  their  free  energies. 

Low  temperature  (10—300K)  dielectric  and  pyroelectric  properties  of  morphotropic  phase 
boundary  PBN  ferroelectric  single  crystals  have  been  investigated  and  characterized  to  understand 
the  strong  "Debye-like'  dielectric  dispersion  along  a  nonpolar  direction  (perpendicular  to  the 
polarization  direction)  by  using  dielectric  spectrum  techniques  and  a  direct  charge  measurement 
method,  respectively.  Significant  dielectric  relaxation  phenomena  have  been  encountered  for 
MPB  PBN  single  crystals  in  nonpolar  directions  at  low  temperatures  (T  <  2 1  OK)  and  over  a  broad 
frequency  range  (lO^-'-lO^Hz).  A  small  'frozen-in'  polarization  component  has  been  detected  in  a 
nonpolar  direction  at  corresponding  temperatures.  There  is  no  evidence  found  for  ferroelectric 
phase  transitions  at  low  temperature  in  the  PBN  system.  The  low  temperature  relaxation  effects 
can  be  successfully  explained  by  the  concept  of  internal -reorientation  type  polarization 
perturbation  and  a  thermally  agitated  local  dipole  fluctuation  model. 


Optic  and  electrooptic  properties  of  I’BN  single  crystals  are  studied  by  using  various 
techniques.  Preliminary  study  using  ellipsometry  technique  on  the  dispersion  behavior  of  the 
PBN  crystals  shows  the  crystals  are  transparent  in  the  visible  range  without  noticeable  absorption 
bands. 

By  studying  the  conoscopic  interference  pattern  and  the  transition  temperature  dependence 
on  the  bias  electric  field,  it  is  demonstrated  for  the  first  time  that  an  external  electric  field  can 
induce  ferroelectric  phase  switching  in  the  morphotropic  phase  boundary  compositions  from  one 
ferroelectric  phase  to  the  other.  One  of  the  most  interesting  results  is  that  the  electrically 
controlled  optical  bistable  states  are  possible  to  obtain  in  MPB  PBN  single  crystals. 

Optic  indices  of  refraction  have  been  measured  using  the  minimum  deviation  technique  to 
reveal  the  details  of  a  morphotropic  phase  transition  in  a  single  crystal.  Optical  birefringence  as  a 
function  of  temperature  has  been  measured  using  different  techniques,  particularly  the  Senarmont 
method,  and  has  enabled  the  calculation  of  RMS  value  of  spontaneous  polarization  which  is 
otherwise  diflicult  to  obtain  for  PBN  single  crystals  of  high  transition  temperature  ( >  270°C). 
The  highest  spontaneous  polarization  evaluated  in  this  way  for  morphotropic  phase  boundary 
composition  PBN61.5  is  of  the  value  47;iC/cm^  at  room  temperature. 

Transverse  linear  electrooptic  coefficients  and  half-wave  voltages  have  been  measured  for 
diflerent  PBN  compositions.  Morphotropic  pha.se  boundary  compositions  show  both  high  r^  and 
T42  coefficients  (rcj=  31  IxlQ-'^  V/m,  r42=  862x10'^  V/m  in  PBN61.5),  primarily  because  the 
dielectric  constants  perpendicular  and  parallel  to  the  c-dircction  are  both  large  and  insensitive  to 
temperature.  In  the  ferroelectric  tetragonal  phase,  the  transverse  electrooptic  coefficient  rsi 
(rsi  =  1524x1 0"'^  V/m  in  PBN57)  is  large  and  in  the  ferroelectric  orthorhombic  phase  the  r^ 
(rc2  =  216x10  '^  V/m  in  PBN65)  is  large.  Both  can  be  attributed  to  the  large  transverse  dielectric 


constants. 


VI 


The  g-coefTicients  were  derived  from  the  electrooptic  measurements  including  half-wave 
voltage  and  the  birefringence.  Positive  =  0.0603mVC'’  and  negative  =  — 0.0 1 52m*/C®  arc 
obtained,  in  agreement  with  theoretical  predictions.  Overall,  the  g-coefficients  arc  smaller  than 
Pb-free  perovskites,  indicating  considerable  electronic  polarization  contribution  from  Pb^  * . 

Preliminary  study  on  the  electrooptic  response  behavior  of  PBN  single  crystals  shows  that 
PBN  has  fast  electrooptic  response  of  the  order  ~100nsec  (<5l|o/9o=  SOnsec  has  been  obtained)  and 
is  therefore  a  potential  candidate  for  electrooptic  modulator  applications. 

The  transmission  electron  microscope  study  reveals  the  manner  in  which  the  polarization 
manifests  itself  in  the  various  ferroelectric  symmetries.  There  exist  only  180“  ferroelectric  domains 
in  tetragonal  4mm:  in  orthorhombic  m2m,  both  90“  twin-like  domains  and  180“  domains  in  the 
a-b  plate  are  present.  The  domain  microstruclures  are  deduced  for  PBN  compositions  across  the 
phase  diagram.  TEM  study  in  the  temperature  range  from  •180“C  to  ■^80“C  revealed  the  presence 
of  incommensurate  ferroelastic  domains  in  PBN  solid  solution  similar  to  those  discovered  in  the 
other  tungsten  bronzes  BNN  and  SBN.  The  degree  of  incommensurability  varies  with 
temperature  and  compositions.  These  incommensurations  exist  at  room  temperature  in  both 
tetragonal  and  orthorhombic  ferroelectric  phases;  however,  the  discommensuration  density  is 
much  lower  and  better  defined  on  the  orthorhombic  side  of  the  pha.se  diagram.  The  large  thermal 
hysteresis  at  the  fenoelectric-paraelectric  phase  transition  in  a  Pb-rich  orthorhombic  composition 
can  be  understood  by  taking  the  incommensurate  phase  transition  into  consideration.  The 
discommensuration  structures,  however,  seem  to  be  independent  of  the  ferroelectric  domains  in 
the  m2m  phase,  which  indicates  that  the  lock-in  phase  transition  takes  place  at  a  higher 
temperature  than  the  ferroelectric  phase  transition. 

In  general,  the  dielectric  constant,  pyroelectric  coefficients,  and  linear  electrooptic  coefficients 
are  found  to  be  enhanced  near  the  MPB  compositions.  The  transverse  linear  electrooptic 
coefficients  (rsi  =  1524xl{)''^  V/m  for  PBN57)  arc  among  the  highest  known  in  oxide  ferroelectric 
materials  (e.g.,  rsi*  IbOOxlO"'^  V/m  in  BaTi03).  More  importantly,  in  the  morphotropic  phase 
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boundary  compositions,  the  enhanced  physical  properties  are  relatively  temperature  insensitive  at 
ambient  temperatures  (much  lower  than  their  Curie  temperatures),  which  is  of  great  advantage  for 
electrooptic  and  photorcfractive  device  applications. 
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The  icmivcrature  dependence  of  the  pyroelectric  coefficients  of  lead  barium  niobaie  Pb,  „  .Ba.Nb.O* 
<  PBN )  single  crystals  were  investigated  using  the  Byer-Roundy  technique .  Pyroelectric  coefficients  were 
found  to  be  enhanced  in  single  crystals  the  ncar-morphotropic  phase  boundary  (MPB)  compositions. 
High  pyroelectric  coefficients  (l.Vi  pC/m’-K,  1  -  x  =  0.684)  and  swiichable  polarization  vectors  between 
the  two  perpendicular  crystallographic  directions  (|(M)I  |  and  1 1 10|)  in  crystal  of  near-morphotropic  phase 
boundary  composition  ( I  -  x  =  0.615)  were  found  to  be  of  interest  for  pyroelectric  device  applications. 


INTRODUCIJON 

A  most  interesting  solid  solution  in  the  family  of  tungsten  bronze  ferroelectrics  is 
that  between  PbNbjO,,  and  a  hypothetical  end  member  BaNbjOh.  namely,  lead 
barium  niobate,  Pb,  ..Ba^NbiO^  (PBN(t  -  xl%).''’  Ferroelectric  PBN  has  re¬ 
cently  regained  its  intriguing  importance  because  it  is  a  lead-containing  tungsten 
bronze  type  ferroelectric  relaxor  with  a  morphotropic  phase  boundary  (MPB)  and 
has  potential  in  eicctrooptic  applications.  The  morphotropic  phase  boundary  in 
this  solid  solution  system  separates  a  tetragonal  ferroelectric  phase  4mm  (with 
polarization  vector  along  (UUl))  and  an  orthorthombic  ferroelectric  phase  m2m 
(with  polarization  vector  along  (llO)).'  Since  there  is  no  coupling  between  the 
fourfold  (jOOl])  and  the  twofold  ((100)  or  (110))  axes  in  the  prototype  4/mmm 
tetragonal  symmetry,  the  two  polarization  modes  adjacent  to  the  morphotropic 
phase  boundary  are  unrelated  and  have  separate  Curie-Weiss  temperatures  as  well 
as  distinct  ferroelectric  characteristics.  Large  dielectric,*  piezoelectric,’  and  py¬ 
roelectric  (in  polycrystallinc  samples  by  Lane  et  a/.)"’  properties  of  PBN  compo¬ 
sitions  were  reported  and  enhanced  properties  in  near  the  MPB  compositions  were 
expected. 

The  earlier  research  (before  1980s)  on  PBN  were  based  on  measurements  on 
the  polycrystallinc  ceramic  form,  primarily  due  to  the  lack  of  single  crystals.  It  was 
reported  that  pyroelectric  coefficient  p  showed  sharp  maxima  at  compositions  close 
to  the  morphotropic  phase  boundary'"  with  p  =  270  ftC/m^-K  (measured  by  ra¬ 
diation  heating  method)  for  Pb^ ^Ba,,  4Nb20ft  ceramic  sample.  Pyroelectric  coeffi¬ 
cients  of  PBN  single  crystals  of  several  compositions  were  also  reported’;  however, 
the  pyroelectric  properties  in  relation  to  the  MPB  and  the  crystallographic  phase 
transition  have  not  yet  been  studied. 

A  comprehensive  investigation  of  the  phase  relations  and  the  polarization  mech¬ 
anisms  of  PBN  solid  solution  in  the  near  morphotropic  phase  boundary  composi¬ 
tions  has  been  carried  out  by  this  group."  It  was  discovered  that  close  to  the 
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morphotropic  phase  boundary  in  a  Pb-rich  composition  (1  -  x  =  0.615)  the  sample 
actually  goes  through  a  phase  transition  (at  T  ~  125‘’C  via  heating)  from  the 
ferroelectric  orthorhombic  phase  to  the  ferroelectric  tetragonal  phase  during  which 
the  polarization  axis  switches  from  the  (HO)  direction  to  the  c-axis.  A  PBN  phase 
diagram  is  shown  in  Figure  1  in  which  a  curved  morphotropic  phase  boundary  into 
the  lia-rich  side  is  indicated."  It  was  also  demonstrated  optically  that  such  mor- 
photropie  phase  transition  can  be  induced  electrically. ‘-This  behavior  of  the  sample 
should  be  studied  in  view  of  its  pyroelectric  properties  to  further  understandings 
of  the  polarization  mechanisms  and  the  potential  applications  of  the  PBN  single 
crystals. 

In  the  present  paper  the  results  of  pyroelectric  property  study  will  be  reported 
and  interpreted  in  relation  to  the  crystallographic  structure  and  phase  transitions 
of  the  PBN  solid  solution  system.  High  remanent  polarization  and  pyroelectric 
coefficients  in  compositions  near  the  MPB  were  found  to  be  particularly  intersting 
for  pyroelectric  device  applications. 


SPECIMEN  PREPARATION 

Single  crystal  specimens  used  for  this  investigation  were  prepared  by  the  Czoehralski 
pulling  technique.  Starting  from  high  purity  chemicals,  the  charge  was  heated  in  a 
Pt  crucible  by  RF  induction  healing  to  the  melting  temperature.  Crystal  was  with¬ 
drawn  at  a  rate  of  1  to  2  mm/hour  along  with  rotations  of  crucible  (at  -  5  rpm) 
and  the  crystal  boule  (at  10  ~  15  rpm).  After  the  growth  run  was  completed,  the 
crystal  was  slowly  cooled  to  roont  temperature  in  48  hours.  Transparent  single 
crystals  of  the  size  of  several  millimeters  ol  optical  quality  were  thus  i)blaincd  even 
though  some  cracking  problems  occurred  during  the  slow  cooling  probably  when 
the  crystal  passed  through  llie  paraclectric  to  ferroelectric  phase  transition.  After 
annealing  at  55(rC  lor  5  hours,  crystals  were  cleaned  in  acetone  and  then  sputtered 
with  All  electrodes  on  both  faces  for  pyroelectric  measurements. 

1  -* 


riCiUKI-  I  l’h;is(.'  aiM"r.ini  iif  PI',  ,Uii.Nb-0„  M'IkI  solution  system  with  the  ph.isc  transition  tem¬ 
peratures  markciJ  as  they  woulO  appear  during  healing  The  relercncc  in  the  figure  refers  to  Suhharao 
ri  at.  (I’K'll),  Reference  7 


PYkOELECI  RlC  PROPER!  lES  OF  PBN 


79 


'I  lic  cunip'.tsilion  quoted  in  llie  text,  tables,  and  figures  as  rBN((  1  -  x)%j  where 
(1  -  x)7f  is  the  mole  percent  of  PbNb>0,,  in  Pb,  ^.Ba^^Nb^O,,  eoniposition.  refers 
to  the  post-growtli  analytical  cttniposition  as  determined  by  electron  microprobe 
analysis.  The  crystal  orientations  used  in  this  paper  are  based  on  the  prototype 
tetragonal  4/mmm  symmetry  unless  otherwise  specified. 


MEASUREMENT  TECHNIQUES  AND  PROCEDURE 

A  method  developed  by  Dyer  and  Roundy”  for  measuring  pyroelectric  coefficients 
was  used  in  this  work.  Essentially,  a  prepoled  or  on-site  poled  specimen  was 
mounted  inside  a  specially  designed  sample  holder  in  an  air  oven  and  short  circuited 
during  the  measurement.  The  pyroelectric  current  /  was  measured  using  a  high 
sensitivity  (1(1  -  pA)  picoammeter  (nrodel  4140B.  Hewlett-Packard,  Palo  Alto. 
Ca. ).  1  he  heating  rate  dTUIt  was  carefully  programmed  and  controlled  by  computer 
interfacing  to  maintain  constant  (usually  2  to  4°C/inin)  while  liquid  nitrogen  gas 
was  usetl  as  cooling  media. 

The  pyroelectric  coefficient  /»  was  ciilculated  from  the  pyroelectric  cut  rent  using 
the  following  equation: 

where  A  is  the  electrode  area  and  dTIdt  is  the  rate  of  heating. The  polarization  can 
be  calculated  by  integrating  the  pyroelectric  current; 

'■  ■  I -  ZwU  I 

In  this  study,  till  specimens  were  poled  inside  the  sample  holder  before  mea¬ 
surement  The  poled  sample  was  short  circuited  at  the  starting  temperature  of  the 
measurement  for  at  least  Kl  minutes  to  eliminate  surface  charges.  In  the  case  of 
the  highest  temperature  measured  being  lower  than  the  phase  transition  temper¬ 
ature.  A/’  rather  than  P  was  obtained. 


RESULTS  AND  DISCUSSION 

For  ferroelectric  tetragonal  single  crystal  PBN34.  the  polar  vector  is  parallel  to  the 
[(K)l|  direction,  tlierclore  large  pyroelectric  coefficient  was  observed  in  the  (001]- 
cut  crystals  as  shown  in  Figure  2.  For  ferroelectric  orthorhombic  single  crystal 
PBNbS.4,  as  evinced  in  Figure  3,  the  spontaneous  polarization  is  parallel  to  the 
illdj  direction  therefore  pyroelectric  measurement  on  the  |dl()l  direction  yielded 
large  pyroelectric  coefficient.  As  of  the  single  cry.sfal  PBNbl  .5,  it  has  orthorhombic 
symmetry  at  room  temperature  with  polar  vector  parallel  to  the  |1 1(1]  direction  and 
tetragonal  symmetry  at  temperatures  higher  than  --125''C  with  the  polarization 
along  tlic  |(H)1)  direction,  therefore  measurements  on  two  principle  directions  can 
give  a  general  picture  of  the  polarization  sense  in  the  material.  Measured  along 
the  1(111(1  direction.  Figure  4,  the  spontaneous  polarization  first  went  through  a 
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TempefO«ufe  (‘O 

KIGURE  2  Cliaiipc  of  the  spontaneous  polarization  and  the  pyroeletiric  coefficient  versus  tentperature 
for  tetragonal  I’UN.M. 


Tamptrotur*  ('O 

FIGURE  3  Change  of  the  spontaneous  polarization  and  the  pyroelectric  coefficient  versus  temperature 
for  orthorhombic  PBN68,4. 

sharp  depoling  at  the  orthorhombic-tetragonal  phase  transition  (the  total  amount 
of  charge  released  at  this  phase  transition  corresponded  to  the  strength  of  the 
orthorhombic  polar  vector  and  was  of  the  magnitude  of  18  p-C/cm’)  and  then  became 
relatively  constant,  decreasing  slowly  with  temperature.  Measured  along  the  1(K)1| 
direction  for  the  same  crystal  PBN6I.5,  as  shown  in  Figure  5,  polarization  started 
to  build  up  at  the  temperature  above  the  orthorhombic-tetragonal  phase  transition, 
along  with  the  sign  change  of  the  pyroelectric  coefficient.  Figures  4  and  5  dem¬ 
onstrated  the  polarization  characteristics  in  this  material  at  compositions  close  to 
the  morpholropic  phase  boundary. 
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FlCiURE  4  Cliiinpc  ii(  llic  sp<iiitanc<)u<i  polarization  and  the  pyroelectric  coefficient  versus  temperature 
for  the  MPU  coinprisitioii  l’UNfil.5  measured  parallel  to  the  |I)1U)  direction. 


FIGURE  5  Change  of  the  spontaneous  polarization  and  the  pyroelectric  coefficient  versus  temperature 
for  the  MPB  composition  PBN61.5  measured  parallel  to  the  JOOl)  direction. 

The  pyroelectric  coefficients  p  of  PBN  single  crystals  of  different  compositions 
at  room  temperature  (2(]°C)  obtained  using  Byer-Roundy  method  are  summarized 
in  Table  I  (signs  of  the  pyroelectric  coefficients  are  omitted  in  the  Table).  The  p 
values  obtained  for  single  crystal  samples  are  substantially  higher  than  those  for 
ceramic  samples  from  the  earlier  reports.'” 

The  decrease  of  polarization  with  temperature  was  also  calculated  from  the 
pyroelectric  data.  However,  no  absolute  values  of  the  spontaneous  polarization 
are  given  because  the  phase  transition  temperatures  are  higher  than  the  maximum 
temperature  attained  in  the  measurements. 
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TABLE  J 

I’yroclcclric  cocflicicnl  of  I’UN  compositions  measured  using  Bycr-Roundy  method 


Pbi.,Ba,Nb206 

Compo.sition  1-x 

Symmetry 

Pyro.  Coefficient  (at 

20OC)  (4C/m2-K) 

Pyro.  Coefficient 

MaximumValue  Obtained 
(UC/mT-K) 

0.34 

letragonal 

Pi=82 

p.,=2:i  11  zn^c 

0.57 

Tetragonal 

p,=134 

p,=  1250at  240OC 

0.615 

Onhorhombic/Tetragonal 

P2=196 

P2=5432  at  149.80C 

pj=142 

Pj=4468  at  240“C 

0.6S4 

orthorhombic 

P2=336 

-3(-  .itZl'inC 

‘Pbu.RfiBan  i4Nbi.qs06 

Onluirliombic 

210 

*  Results  of  Shrout  el  al.  (1987),  Reference  9. 


Pyroelectric  coefficients  for  PBN  single  crystals  in  polar  directions  increase  as 
the  compositions  approach  to  the  niorphotropic  phase  boundary.  However,  the 
maximum  value  of  pyroelectric  coefficient  (336  nC/m^-K)  was  observed  in  com¬ 
position  close  to  the  MPB  but  in  the  orthorhombic  side  of  the  phase  diagram 
(i’UN68.4)  in  which  the  dielectric  constant  and  the  piezoelectric  coefficient  are  not 
the  highest''  "  in  the  solid  solution  system. 

In  PBN61 .5,  polarization  vector  switches  its  direction  as  the  crystal  goes  through 
the  morphotropic  phase  transition.  Pyroelectric  coefficients  in  either  (001]  or  [110] 
direction  can  be  high  at  room  temperature  which  is  unique  among  ferroelectric 
single  crystals  and  can  be  very  interesting  for  device  applications. 

The  reasons  for  the  maximized  pyroelectric  coefficients  in  the  near-morphotropic 
phase  boundary  compositions  may  be  discussed  as  follows; 

The  appearance  of  an  MPB  can  usually  be  related  to  the  instability  of  one 
ferroelectric  phase  against  another  ferroelectric  phase  upon  critical  composition 
change.  It  is  logical  to  expect  that  the  two  phases  separated  by  the  MPB  are 
energetically  very  similar  but  differ  slightly  in  composition  The  mechanical  re¬ 
straints  to  preserve  one  phase  against  the  other  may  very  well  be  relaxed,  or 
softened.  I’ccause  of  tin-  struci'iial  instability.  Hence,  many  physical  properties  will 
be  either  greatly  enhanced  or  suppressed  in  near  the  morphotropic  phase  boundary 
compositions.  Remanent  polarization  P„  for  instance,  may  increase  due  to  the 
increase  in  magnitude  of  dipole  displacement  arising  from  ihc  softening  of  the 
structure  or  the  increase  in  the  number  of  possible  polarization  directions.  Spon¬ 
taneous  polarization  of  a  polar  state  in  the  tetragonal  phase  can  have  two  polar 
directions  {(001 1  and  (OOTj),  and  four  directions  ([110],  (IIOJ,  (TlOj,  and  (110])  in 
an  orthorhombic  phase.  In  a  MPB  composition,  spontaneous  polarization  hence 
can  have  total  six  possible  polar  states  therefore  high  values  of  remanent  polari¬ 
zation  and  pyroelectric  coefficients.  Unlike  a  ferroelectric-paraelectric  phase  tran¬ 
sition.  in  which  the  phase  transition  is  a  function  of  temp'-rature  and  the  physical 
properties  such  as  dielectric  constants  and  the  polarizatioi.  Iiange  drastically  with 
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temperature,  morphotropic  phase  transition  can  take  place  at  temperatures  much 
lower  than  the  Curic-Weiss  temperature  and  hence  moderate  dielectric  constants 
can  be  preserved  through  (lie  phase  transition  over  a  broad  temperature  region. 
Such  a  feature  is  considered  very  useful  particularly  in  pyroelectric  and  electrooptic 
device  applications. 

Spontaneous  polarization  and  the  pyroelectric  coefficient  in  the  temperature 
range  lOK  to  3U()K  were  also  studied  using  direct  charge  measurement  technique. 
Details  on  low  temperature  pyroelectric  properly  studies  of  PBN  .single  crystals 
can  be  found  in  our  earlier  publication. '■* 


SUMMARY 

Physical  properties  of  the  MPB  compositions  have  been  reported  in  many  solid 
solutions  of  perovskite  structure.*'  The  morphotropic  phase  boundary  in  PBN  solid 
solution,  separating  two  ferroelectric  phases  with  mutually  orthogonal  polarization 
directions  has  been  found  so  far  only  in  tungsten  bronze  solid  solution  family. 
Current  studies  on  temperature  dependence  of  pyroelectric  coefficients  of  PBN 
single  crystals  showed  that  the  pyroelectric  property  is  optimized  in  PBN  crystals 
of  the  near-MPB  compositions  and  large  pyroelectric  coefficients  in  either  per¬ 
pendicular  or  parallel  to  the  c-axis  can  be  obtained  in  PBN61.5  composition.  The 
MPB  PBN  compositions  are  therefore  interesting  for  pyroelectric  device  applica¬ 
tions. 
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Transmission  electron  microscopy  (TEM)  has  been  used  to  explore  details  of  the 
structural  phase  transitions  and  corresponding  microstructural  features  in  the  solid 
solution  of  Pbi-iBaiNb206  (PBN)  tungsten  bronze  ferroelectrics  at  compositions 
embracing  the  morphotropic  phase  boundary  between  orthorhombic  and  tetragonal 
ferroelectric  phases.  In  addition  to  the  ferroelectric  domain  structures  that  were  consistent 
with  the  expected  symmetries,  incommensurate  ferroelastic  phases  were  observed.  The 
“onset”  and  “lock-in”  transition  temperatures  are  a  function  of  the  Pb/Ba  ratio,  and  for 
lead-rich  compositions  it  appears  that  the  incommensurate  distortion  may  occur  above  the 
ferroelectric  Curie  temperature  in  the  paraelectric  phase. 


I.  INTRODUCTION 

The  tungsten  bronze  structure  and 
phase  transitions 

The  tungsten  bronze  structure  family  is  probably 
the  second  largest  family  of  known  oxygen  octahedron 
based  ferroelectrics.'  The  structure  that  has  tetragonal 
symmetry  in  the  paraelectric  phase  is  defined  by  corner 
linked  oxygen  octahedra,  and  the  section  normal  to 
the  tetragonal  c  axis  is  shown  in  Fig.  l.^  Chemi¬ 
cally,  it  may  be  described  by  a  formula  of  the  form 
[A1(A2)2C2][B1(B2)4]Oi5,  where  combinations  of  larger 
monovalent  (K*,  Na*,  Rb*),  divalent  (Pb*%  Ba**,  Sr^*. 
Ca^‘),  and  trivalent  (La*^,  Eu*^,  Gd*^)  and  similar  ions 
occupy  the  square  and  pentagonal  shaped  tunnels,  A1 
and  A2  sites  (Fig.  1).  Only  very  small  ions  such  as  Li* 
can  occupy  the  small  triangular  channels,  C-sites,  and 
small  but  highly  charged  cations  such  as  Mb**,  Ta’*,  Ti^*, 
Zr^*,  etc.  occupy  the  octahedral  B1  and  B2  sites.  Fre¬ 
quently,  in  consistence  with  charge  balance,  not  all  sites 
are  occupied,  and  the  very  large  variation  in  cation  radii 
leads  to  many  complex  end  member  compounds  and 
innumerable  solid  solutions,  which  satisfy  the  conditions 
to  support  ferroelectric  phases.*-^ 

In  spite  of  the  immense  chemical  flexibility  in  the 
tungsten  bronze  structure  systems,  only  two  types  of 
ferroelectric  phases  are  known.  In  terms  of  the  point 
symmetries  the  paraelectric  prototype  form  is  always  in 
point  group  4/mmm.  In  the  orthorhombic  ferroelectric 
form  the  spontaneous  polarization  F,  is  along  one  of  the 
twofold  axes  (001)  p  (of  point  group  mm2)  or  (llO)p 
(denoted  as  point  group  m2m)  where  the  suffix  indicates 
that  the  orientation  refers  to  the  original  prototypic  axial 
system  (see  Fig.  1).  In  t.he  tetragonal  fenoelectric  form 
the  symmetry  is  4mm  and  two  domain  states  have  P, 
oriented  along  [001]  p  and  [OOllp.  Both  orientation  states 
are  fully  consistent  with  the  group  theoretical  prediction 


of  Aizu  and  Shuvalov.*’  The  tetragonal  states  exhibit 
only  ISO*  domain  walls,  while  in  the  orthorhombic 
ferroelectric  states  both  180®  and  90®  walls  occur. 

In  1981,  Schneck  ei  al.  reported  incommensurate 
satellite  reflections  in  the  tungsten  bronzes  Ba^NaNb.cOis 
(BNN)  and  Sr^KNbsOis  (SKN).*""  At  present  many 
crystals  are  known  to  have  incommensurate  phases. 
These  incommensurate  phases  are  periodic  but  their 
periodicity  is  not  fixed  by  a  three-dimensional  lattice. 
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Incommensurate  periodicity  can  be  due  to  a  number 
of  different  phenomena  such  as  atomic  displacements 
or  occupancy  of  cations  or  anions.  “  The  origin  of 
incommensurability  in  the  tungsten  bronze  family  is  pre¬ 
sumably  associated  with  the  displacive  structural  change 
owing  to  ferroelastic  octahedral  tilting. 

Many  of  the  displacive  incommensurate  struc¬ 
tures  ‘lock-in’  to  low  temperature  commensurate 
superstructures.'*  ”  The  degree  of  incommensurability, 
6,  reduces  to  zero  at  the  lock-in  transition  temperature. 
The  incommensurability  parameter,  6,  is  defined  as 
the  ratio  of  the  difference  between  the  distance  of 
two  adjacent  superlattice  reflections  (x  -  y)  parallel 
to  (lOO)p  divided  by  the  total  distance  between  those 
points  (x  -I-  y). 


TABLE  I.  Phase  Uansilions  in  BNN. 


Pataelecitic 


i/mmm 


Paraelastic 

Paraelastic 

4mm 

Ferroelectric 

Ferroelectric  *  mixed  incommensurate  ferroelastic 
phases  ly  and  2q 

Quasi-commensuraie  ferroelastic 
Ferroelectric  (mm2) 

Other  phases  reported" 


+580  =C 


+  300  ’C 


+250  “C 


Thus  at  lock-in  there  is  an  equal  and  rational  spacing  be¬ 
tween  these  superlattice  reflections  and  matrix  reflections 
giving  6  =  0.  Corresponding  microstructural  changes 
also  take  place  in  the  crystals  close  to  the  lock-in  transi¬ 
tion;  commensurate  domains  within  the  crystal  begin  to 
grow.  These  commensurate  domains  can  be  out-of-phase 
with  each  other,  and  at  a  place  where  two  domains  join, 
a  wall  known  as  a  discommensuration  may  be  formed. 
The  discommensuration  density,  D,  is  inversely  related 
to  the  magnitude  of  the  incommensurability  parameter, 
6;  i.e.,  as  6  —  0,  D  —  oo.'^  However,  there  are 
some  exceptions  to  this  bcliavior  where  the  incommen¬ 
surability  locks-in  to  a  so-called  ‘quasi-commensurate’ 
state,  and  the  tungsten  bronze  family  appears  to  be  of 
this  type.  In  the  case  of  the  tungsten  bronzes  BNN, 
SKN,  and  SBN  ((Sr,  Ba)Nb206j.  incommensurability 
reduces  to  about  6  as  1%  but  does  not  go  to  zero;  a 
quasi-commensurate  structure  exists  along  with  a  low 
density  of  discommensurations.  Reasons  for  this  are  still 
not  clear,  but  point  defect  pinning  the  motion  of  the 
discommensuration  wails  during  growth  is  a  popular 
suggestion.'' 

The  majority  of  the  detailed  work  on  the  incommen¬ 
surate  tungsten  bronze  phases  has  been  on  BazNaNbsOis 
(BNN).‘'  ‘*  *^  **  The  suggested  sequences  of  phase  tran¬ 
sitions  in  this  crystal  are  summarized  in  Table  I. 

Table  I  shows  a  generalized  summary  of  much 
of  the  work  on  BNN,  but  many  uncertainties  remain. 
There  is,  however,  agreement  that  two  incommensurate 
phases  exist-  namely  ly  and  2q.  The  Iq  phase  is  an 
orthorhombic  phase  with  a  modulation  existing  along 
a  single  direction,  whereas  the  2q  phase  corresponds 
to  1  tetragonal  symmetry  and  there  exist  modulations 
in  two  perpendicular  directions.  These  \q  and  2q 
phases  are  well  illustrated  in  a  study  on  BNN  by  Barrc 
el  al.'^  The  Iq  phase  is  stable  over  2q  for  the  lower 
temperatures  in  the  incommensurate  phase  range.  The  2q 


phase  is  more  stable  at  the  higher  temperatures.  Ai  the 
lock-in  temperature,  Tl  as  250  "C,  there  is  a  reduction 
of  the  incommensurability  parameter,  6,  to  develop  a 
quasi-commensurate  low  temperature  state.  The  lower 
temperature  phases  are  not  fully  understood  at  this  time 
and  are  still  topics  of  debate.'* 

The  Pbi-xBarNbjOe  tungsten  bronze  composi¬ 
tions  studied  here  are  of  special  interest  owing  to  their 
potential  application  in  a  bistable  optical  switching  de¬ 
vice.  The  fcnoelcctric  phases  arc  tetragonal  (4mm)  or 
orthorhombic  (m2m),  depending  on  the  composition.”  -" 
As  can  be  observed  from  the  phase  diagram,*'  Fig.  2, 
the  Ba-rich  side  is  tetragonal  and  the  Pb-rich  side  is 
orthorhombic.  These  two  phases  meet  at  a  morphotropic 
phase  boundary  close  to  PBN:  1  -  x  =  0.63.  This 
morphotropic  'base  boundary  is  curved,  allow  ing  a  first 
order  tetragonal  -+  orthorhombic  phase  transition  to 
occur  for  a  few  restricted  compositions  close  to  this 
boundary.  In  these  crystals  the  phase  change  can  be 
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FIG.  2.  Phase  diagram  of  the  ningseen  bronze  solid  solution 
I’l.,  .,Da,.Nbj06  over  the  range  0.2  <  t  -  z  C  I.O.* 
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effected  either  by  changing  temperature  or  by  applying 
an  appropriately  oriented  electric  field.  Hence,  it  is 
possible  to  electrically  switch  an  optical  indicatrix  from 
uniaxial  to  biaxial  symmetry. 

Until  recently  these  tetragonal  and  orthorhombic 
phases  were  believed  to  be  the  only  ferroelectric  phases 
existing  within  the  tungsten  bronze  family;  however,  a 
study  of  dielectric  and  pyroelectric  properties  at  low 
temperatures  has  shown  additional  anomalies.*^^  These 
anomalies,  as  shown  in  Fig.  3,  are  very  reminiscent  of 
the  relaxor  anomalies  found  in  many  of  the  complex 
lead  perovskites  such  as  Pb(Mgi/jNbj/3)03.^'‘  These 
anomalies  were  found  in  the  PBN  single  crystal  plates 
of  the  compositions  close  to  the  morphotropic  phase 
boundary  at  temperatures  well  below  the  paraelectric 
—  ferroelectric  phase  transition.  The  dielectric  constant 
measurements  were  made  perpendicular  to  the  polar  axis. 
The  present  understanding  of  these  relaxor  anomalies 
in  the  PBN  are  small  thermal  agitations  of  the  polar 
vector  about  the  polar  direction,  but  this  still  has  to  be 
substantiated.  In  addition  to  these  transitions  we  also 
have  reported  the  presence  of  incommensurate  phases 
within  the  PBN.-‘ 

The  aim  of  this  paper  is  to  study  and  classify  the 
various  domain  microstructures  existing  in  the  PBN 
tungsten  bronze  system.  The  incommensurate  ferro- 
elastic  phases  are  described  and  are  found  to  vary 
with  composition  and  temperature.  The  microstructural 
and  crystallographic  features  of  these  ferroic  phases 
within  the  PBN  are  related  to  macroscopic  anomalies 
in  dielectric  and  optical  properties. 

II.  EXPERIMENTAL  PROCEDURE" 

Ceramic  specimens  were  prepared  from  high  purity 
chemicals  using  conventional  techniques  of  milling,  pre- 


FIG.  3  Typical  tow  temperature  anomaly  in  the  dielectric  consup’ 
perpendicular  to  the  polar  direction  in  PBN  single  crystals  with  com¬ 
positions  close  to  the  morphotropic  phase  boundary  ( 1  -  x  =  0.57). 
Note  the  strong  frequency  dependence  in  dielectric  permittivity 
and  loss. 


firing,  crushing,  pressing,  and  firing.  The  specimens  v^ere 
prepared  in  the  form  of  disks  ~10  mm  in  diameter  and 
~1.2  mm  thick.  The  final  sintering  times  and  temper¬ 
atures,  which  depended  on  composition,  were  between 
1280  “C  and  1320  “C  for  1  to  6  h.  To  compensate  for 
PbO  loss  during  the  calcination,  3  wt.%  of  excess  PbO 
was  added.  Well-reacted  PBN  ceramics  with  94-99^^ 
theoretical  density  and  3  to  6  tim  grain  size  were  pro¬ 
duced.  The  composition  chosen  for  TEM  study  was 
Pbi_,Bax.Nb206,  where  (1  -  j)  =  (0.75,  0.65,  0.61, 
0.60,  and  0.25). 

Single  crystal  specimens  were  prepared  by  the 
Czochralski  growth  technique.  Starting  from  high  purity 
chemicals,  the  charge  was  heated  in  a  Pt  crucible  by  RF 
induction  up  to  the  melting  temperature.  Each  crystal 
was  then  withdrawn  at  a  rate  of  1  to  2  mm/h  along  with 
constant  rotation  of  the  crucible  and  the  crystal  boules. 
The  crystal  was  slowly  cooled  to  room  temperature  in  a 
time  period  of  48  h.  Single  crystals  several  millimeters 
in  size  and  of  optical  quality  were  achieved  even  though 
some  cracking  of  the  bouie  occurred  during  the  cooling 
procedure,  probably  when  the  crystal  passed  through  the 
paraelectric  to  ferroelectric  phase  transition. 

TEM  thin  sections  were  prepared  by  grinding  and 
polishing  to  '^50  /im  and  then  ion-beam  thinning  of 
the  samples  after  being  mounted  on  3  mm  copper  grids. 
Transmission  electron  microscopy  was  performed  on  a 
Philips  420  STEM,  and  a  double-tilt  liquid  nitrogen  cold 
stage  made  by  Catan  was  used  for  low  temperature 
analysis,  -168  *C  $  T  ^  80 

III.  RESULTS 

The  tetragonal  ferroelectric  Pbo.25Bao.75Nb206  (PBN; 
1  -  j  =  0.25)  was  studied  at  room  temperature  to  liquid 
nitrogen  temperatures.  Typical  180°  or  inversion  domain 
boundaries  are  observed  with  dark-field  imaging  of  the 
diffraction  vector,  g  =  (OOl)p,  as  seen  in  Figs.  4(a)  and 
4(b).  The  contrast  of  the  180°  regions  in  neighboring 
domains  is  the  result  of  the  noncentrosymmetric  nature 
of  the  crystals.  The  diffraction  intensities  of  hkl  and  hkl 
are  not  equal,  and  hence  there  is  a  contrast  difference.'*^ 

The  orthorhombic  phase  (m2m)  compositions 
Pbj-jBaiNbzOft  (PBN;  1  -  i  =  0.65  and  0.75)  were 
studied.  The  orthorhombic  symmetry  is  the  result  of 
Nb-O  displacements  in  the  (110)p//(010)q  directions. 
This  gives  rise  to  90°  twin  ferroelearic  domains  on 
{100}p//{110}q  habit  planes  and  also  180°  domains 
with  no  fixed  habit  plane.  Selected  area  diffraction  of  the 
90°  twin  domains  shows  electron  spot  splitting  parallel 
to  the  diffraction  vector  g  =  (ll0)o,  as  observed  in  the 
inset  of  Fig.  5(b).  Also,  a-fringe  contrast  is  observed 
in  Fig.  5(b),  marked  “a”,  and  these  correspond  to  an 
inclined  180°  domain  wall." 

Compositions  of  PBN  near  the  moq>hotropic  phase 
boundary  were  also  chosen  for  study  with  PBN: 


1722 


J.  Matar.  Rm..  VoI.  6.  No  8.  Aug  1991 


C  A  Randall  »t  at.  MiCfOSifuciu«e-pfoperty  relations  m  tungsten  bronze  lead  banum  mobate 


(b) 

FtG.  6.  (a.  b)  Micrographs  of  domain  structures  in  PBN;  1  —  z  = 
0.60  composition  ceramics.  Both  (a)  and  (b)  show  a  mutuic  of  180° 
fenoclectric  domains  and  a  fine  textured  discommensuration  structure 
marked  “a~. 

Structured  Sri.,2Bai,2Nbj06.'‘  In  their  study  they  found 
additional  superlattice  reflections  appearing  at  lower 
temperatures  — 150  ®C;  no  such  superlattice  reflections 
were  found  in  this  study  on  PBN  at  any  composition, 
between  0.25  <  (1  -  x)  ^  0.75,  and  to  temperatures  as 
low  as  - 170  “C. 

At  the  outset,  we  stated  that  PBN  compositions  close 
to  the  morpholropic  phase  boundary  have  an  additional 
low  temperature  relaxor-like  anomaly  in  dielectric  and 
pyroelectric  studies.'""^  In  this  TEM  study  no  evidence 
of  domain  supcriattices  or  satellites  could  be  associated 
with  this  phenomenon.  The  reason  for  this  is  most  likely 
that  the  temperature  region  studied  by  TEM  was  not 
sufficiently  low  to  freeze  in  the  micropolar  regions.-’  ^ 

In  addition  to  the  commensurate  superlattice  reflec¬ 
tions,  {/i  -I-  1/2,/:  -(-  1/2. 0)p,  there  are  incommensurate 
superlattices  also  present  in  the  PBN  compositions. 


(b) 

FIG.  7.  PBN  (001)  electron  diftficiion  patterns:  (a)  PBN:  0.75  at 
room  temperature  and  (b)  PBN:  0.25  at  room  lemperamre. 


These  incommensurate  superlattices  have  various  de¬ 
grees  of  incommensurability,  as  determined  by  the 
6-parameter  and  the  dark-field  imaging  of  the  dis- 
commensurate  structures.  Figures  8(a),  8(b),  and  8(c) 
show  three  room  temperatures  [110]/.  zone  axis  electron 
diffraction  patterns,  for  compositions  PBN;  I  -  i  = 
0.25,  0.60,  and  0.75,  respectively).  The  respective  room 
temperature  incommensurability  parameter  is  6  =  17^, 
6%,  and  2%.  Hence  the  orthorhombic,  PBN:  1  -  x  = 
0.75,  lead-rich  composition  is  at  room  temperature 
in  a  quasi-commensurate  state.  This  can  also  be 
observed  from  corresponding  dark-field  images  of  the 
incommensurate  spots.  The  dark  boundaries,  marked  “b." 
are  discommensuration  structures  in  Fig.  10(a).  We  will 
discuss  this  figure  in  more  detail  below. 

The  PBN;  1  -  i  =  0.61  single  crystal  is  incommen¬ 
surate  and  its  6  parameter  changes  from  6%  at  roum 
temperature  to  4%  at  —140  ®C.  The  room  temperature 
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<c) 


FIG.  8.  Compariwo  of  PBN  (110)  electron  diffraction  patterns  at  room  temperature.  PBN:  1  -  x  =  (a)  0.25,  (b)  0.60,  and  (c)  0.75,  respectively. 


discommensurate  microstructure  is  shown  in  Fig.  9(a), 
and  is  similar  to  discommensurate  structures  in  the 
mixed  2q  and  \q  phase,  as  observed  by  Barre  et  al,  in 
BNN.‘’  The  discommensurate  microstructures  in  PBN 
compositions  change  easily  close  to  the  morphotropic 
phase  boundary.  It  is  easy  to  switch  to  a  finely  textured 
discommensurate  microstructure  during  the  electron 
microscopic  observations,  as  seen  in  Fig.  6(b).  This 


ferroelastic  switching  is  obtained  by  local  heating  of 
the  election  beam  that  gives  rise  to  strain  gradients 
owing  to  thermal  expansion.  These  strain  gradients 
are  believed  to  be  strong  enough  to  switch  the  ferro- 
elastic  domains.  Figures  6(a)  and  6(b)  show  finely 
aligned  discommensurate  structures  co-existing  with 
ISO®  ferroelectric  domains.  The  aligned  discommensu- 
rates  are  parallel  to  the  diffraction  vector  g  =  (llO)p 
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(b) 

FIG.  9.  (a)  Room  temperature  discorrtmetuuration  structure  of  single 
crysul  PBN:  1  -  z  =  0.61;  (b)  shows  the  dark-held  diffraction 
condition  and  also  evidence  of  streaking  of  the  incommensurate 
superlaitice  reflections  (see  inset). 

or  (l(X))o.  The  diffuse  ^(reaking  along  (100)^  in  the 
diffraction  pattern  Fig.  9(b)  is  thought  to  be  related  to 
the  fine  textured  discommensurates,  as  it  is  perpendicular 
to  their  habit  and  observed  only  when  they  are  present. 

Returning  to  Fig.  10,  a  number  of  important  features 
arc  to  be  noted.  The  discommensurate  structures  are 
aligned  parallel  to  (010}q.  Also,  the  discommensurations 
are  continuous  across  90°  and  180°  domains.  This  im¬ 
plies  to  us  that  the  Mock-in’  incommensurate  transition 
was  independent  of  the  ferroelectric  transition.  This 
complex  domain  configuration  and  phase  mixing  can 
be  possible  only  by  (he  lock-in  transition  occurring  in 
the  paraelectric  phase,  which  is  not  the  case  with  other 
tungsten  bronze  phases  Also,  from  the  discommensurate 
configurations  a  phase  shift  of  rr/2  in  (he  modulation  can 
be  determined  by  the  fourfold  node  lines;  this  is  similar 
to  findings  in  BNN  and  2H-TaSe2.‘"-’’ 


(b) 

FIG.  10.  (a)  Discommensuration  and  ferroelectric  microsiructures  in 
PBN:  1  -  z  =  0.75.  Note  ihai  the  discommensuration  microstructures 
are  independent  of  the  ferroelectric  domains;  (b)  shows  discommen- 
suntion  node  structure. 


IV.  DISCUSSION 

The  PBN  solid-solution  shows  a  complex  mix¬ 
ing  of  ferroelectric  and  incommensurate  fenoelastic 
phase/domains.  The  incommensurate  phase  and  ferro¬ 
electric  phases  are  sensitive  to  composition.  Different 
incommensurate  parameters,  6,  are  found  at  room 
temperature  along  with  different  discommensuration 
structures  and  densities. 

One  of  the  most  surprising  results  deduced  concerns 
the  lock-in  transition  in  the  orthorhombic  PBN  compo¬ 
sitions.  With  the  discommensurate  structures  showing 
continuity  through  the  fenoclectric  180°  and  90°  domain 
structures,  one  has  to  conclude  the  quasi-commensuraie 
lock-m  occurred  before  the  paraelectric  — *  ferroelectric 
irariMiiun.  This  is  not  the  case  with  the  previously 
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Studied  SBN  and  BNN  tungsten  bronzes,  which  have 
the  sequence  of  transitions  found  in  Table  II. 

To  confinn  our  conclusions  about  the  departure 
from  the  previous  trends  of  phase  sequences  known  in 
tungsten  bronze,  we  made  an  additional  study  on  the 
temperature  dependence  of  the  birefringence  in  PBN 
single  crystals.^  Figure  11  shows  the  transmitted  in¬ 
tensity  variation  as  a  function  of  temperature  during  a 
cooling  run  for  PBN:  I  -  i  =  0.65  of  orthorhombic 
symmetry.  Besides  a  first-order-like  phase  transition 
(at  ^213  "C  during  a  cooling  run)  that  corresponds 
to  the  fenoelectric  orthorhombic  m2m  to  tetragonal 
paraelectric  4/mmm  phase  transition,  a  continuous  or 
rather  smooth  but  unambiguous  phase  transition  can 
be  detected  at  temperatures  near  322  ‘’C  during  both 
cooling  and  heating  runs.  No  prominent  dielectric  anom¬ 
aly  other  than  a  small  kink  has  been  observed  in  this 
temperature  region.  We  thus  suggest  that  this  anomaly  is 
the  incommensurate  transition  as  inferred  by  the  TEM 
domain  microstructural  observations.  As  we  know  that 
incommensurate  phase  transition  is  always  a  second 
order,^  it  is  nut  surprising  to  us  that  the  birefringence, 
being  a  polar  second  rank  tensor  property,  is  more 
sensitive  to  the  onset  of  incommensurate  modulations 
than  other  techniques  such  as  dielectric  measurements. 
Further  results  regarding  the  optical  studies  will  be 
found  in  later  papers.^'  For  the  Ba-rich  compositions 
the  incommensurate  lock-in  phase  transition  is  below 
the  paraelectric  fenoelectric  transition  and  conesponds 
more  closely  to  the  phase  sequences  in  DNN  and  SBN 
tungsten  brotues. 

The  dielectric  and  x-ray  characterization  of  the  PBN 
agrees  well  with  the  TEM  observations,  as  reported 
carlier.^'  ““  However,  no  evidence  was  found  for  do¬ 
mains/polar  regions  being  associated  with  the  low  tem¬ 
perature  relaxor-like  anomalies  close  to  the  morphoiropic 
phase  boundary.  The  reason  for  this  is  probably  that 
lower  temperature  observations  would  be  required  to 
eliminate  electron  beam  heating  contributions  from  ther¬ 
mal  excitations,  preventing  a  freezing  in  of  the  domains. 

V.  CONCLUSIONS 

Solid  solutions  of  tung^'.^n  brn-^re  lead  barium 
niobate,  Pbi-rBaxNbjOe,  base  been  '•ludied  by  TEM 
techniques.  Ferroelectric  18U°  domains  have  been 
characterized  in  the  tetragonal  part  of  the  phase  diagram. 


TABLE  It.  Phase  sequences  in  (ungsren  bronze  BNN  and  SBN 


(4/mmin) 

(4mm) 

(mm2) 

Pataelastic 

Paraelastic 

Ferroelaslic 

Paraeleark 

Ferroelectric 

Ferroelectric 

FIG.  11.  Transmitted  ini'r<ity  i-coided  as  a  function  of  temperature 
in  a  cooling  tun  for  PBN  =  0.65  sine''  'ystal  I'l  measure 

the  birefringence.  The  light  (A  =  633  flin)  pro;  ’ed  peri^^ndicular 
to  both  the  (010]^  and  the  [001]^  directions. 

With  the  orthorhombic  compositions  90'’-twin  and 
180°  inversion  ferroelectric  domains  were  observed. 
A  ferrnelastic  incommensurate  phase  is  found  to  exist 
throughout  the  phase  diagram.  The  degree  of  incom¬ 
mensurability  varies  with  temper.  '  ne  and  composition. 
Djscommensuration  structures  arc  observed  and  i  if  Jl 
phase  modulation  i'  deduced  from  the  micrographs. 
From  the  combined  TEM  and  birefringence  study 
of  PBN  it  is  suggested  that  the  quasi-commensurate 
‘lock-in’  transition  occurs  within  the  paraelectric 
phase  in  compositions  (1  -  z)  ^  0.63,  making  the 
orthorhombic  PBN  different  from  previous  ferroelectric 
incommensurate  behavior  in  the  tungsten  bronze  family. 
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ABSTRACT 

The  unique  characteristics  of  the  solid  solution  (l-x)Pb(Sci/2Tai/2)03-(x)PbTi03 
make  it  an  interesting  system  from  both  a  theoretical  and  practical  point  of  view.  A 
varieQr  of  compositionally  and  thermally  "adjustable"  states  of  structural  ordering.  Curie 
temperatures,  and  material  properties  are  accessible  for  these  materials,  making  them 
attractive  for  many  device  applications  as  well  as  a  useful  model  system  for  further 
exploring  the  fundamental  nature  of  relaxor  ferroelectrics.  Selected  compositions  from 
the  system  have  been  prepared  as  ceramics,  characterized,  and  subjected  to  various 
property  measurements.  Two  structural  phase  boundaries  have  been  identified  between 
three  main  lower  symmetry  ferroelectric  phase  regions.  Materials  from  each  of  these 
regions  possess  different  states  of  structural  ordering  and  exhibit  distinctive  ferroelectric 
behaviors.  Structure-property  relationships  are  highlighted  for  compositions  representing 
each  region  and  a  preliminary  evaluation  of  the  material  for  pyroelectric  device 
application  is  presented. 

The  (l-x)Pb(Sci/2Tai/2)03-(x)PbTi03  ceramics  were  prepared  by  a  conventional 
mixed-oxide  method  involving  the  use  of  high-purity  starting  compounds,  a  precursor- 
phase  formulation,  and  controlled  lead  atmosphere  sintering.  Compositions  were  selected 
from  across  the  entire  range  so  as  to  represent  all  phase  regions  occurring  in  the  system. 
Each  composition  was  calcined  at  900‘*C  for  four  hours  and  then  at  lOOO^C  for  one  hour 
with  an  intermediate  coituninution  step.  Compacted  specimens  of  all  compositions  were 
then  subjected  to  firing  at  14(X}^C  for  one  hour  within  sealed  crucibles  containing 
Pb(Sci/2Tai/2)03/  PbZr03  source  powders.  Specimens  with  compositions  [x^O.l] 
required  a  second  higher  temperature  sintering  at  temperatures  in  the  range  [1500- 
IStiO^’C]  depending  on  the  composition.  Those  specimens  for  which  the  degree  of 
ordering  could  be  varied  by  post-sintering  heat-treatment  were  annealed  in  a  sealed 
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system  with  a  controlled  lead  atmosf^eie  so  as  to  allow  negligible  lead  loss  during  the 
ten-hour  period  required  to  order  the  materiaL 

Four  distinct  phase  regions  were  identified  in  the  system:  (1)  a  high-temperature 
cubic  phase,  below  which  there  exist,  (2)  a  rhombohedral  (pseudocubic)  region  of 
variable  order/disorder  [VOD]  in  the  composition  range  [x=0-0.075],  (3)  a  structurally 
invariable  rhombohedral  (pseudocubic)  region  in  the  range  [x=0. 1-0.4],  and  (4)  a 
tetragoiud  region  extending  from  [x=0.4S]  to  (x=1.0].  Boundary  regions  separating  the 
three  lower  symmetry  phase  regions  were  defined  where  the  VOD  phase  boundary  was 
determined  to  lie  in  the  composition  range  (x=0.075-0.1]  and  the  morphotropic  phase 
boundary  [MPB]  between  [x=0.4]  and  [xs0.4S].  It  was  noted  diat  the  extent  of  the  VOD 
phase  region  and,  hence,  the  position  of  the  VOD  phase  boundary  may  well  depend  upon 
the  armealing  conditions  imposed  and,  therefore,  the  structural  features  reported  for  the 
system  in  this  compositional  range  reflect  oitly  the  nature  of  materials  produced  under  the 
preparation  conditions  applied  in  this  study. 

A  range  of  ferroelectric  bdiaviois  was  observed  for  materials  representing  eadi  of 
the  three  non-cubic  phase  regions,  each  of  which  was  correlated  with  the  coherence 
length  of  the  ordering  present  as  determined  by  means  of  electron  and  x-ray  difrraction. 
It  was  thereby  shown  that  all  three  of  the  nanostructure-property  classes  defmed  in  the 
classification  scheme  of  Pb-based  perovskites  described  in  Section  1.1.3  are  represented 
in  this  system. 

Preliminary  investigation  of  the  nanoscale  ordering  occurring  in  as-fired 
specimens  by  means  of  electron  diffraction  indicated  the  presence  of  short  coherence 
length  (2(>-8(X)A)  long-range  ordering  up  to  [x»0.31  as  evidenced  by  the  presence  of  the 
"F-type"  reflections  associated  with  the  ordered  superstructure.  The  steady  decrease 
observed  in  the  intensity  of  these  spots  with  increasing  x  reflects  a  decrease  in  the 
coherence  length  of  the  ordering.  Estimation  of  the  order  domain  sizes  in  aimealed  VOD 
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materials  by  means  of  x-ray  diffraction  utilizing  the  Scherrer  expression  (Equation  1.11; 
Section  1.3.1)  yielded  average  order  domain  sizes  greater  than  lOOOA  for  all  of  the 
annealed  specimens. 

Dielectric  hysteresis  was  observed  for  all  compositions  [x=0-0.4].  As-Hred 
materials  from  the  composition  range  (x=0-0.4]  were  observed  to  display  lelaxor-type 
dielectric  behavior  which  becomes  more  normal  on  approaching  the  MPB  [x=0.4-0.45] 
beyond  which  the  response  is  essentially  that  of  a  first-order  ferroelectric.  Both  relaxor 
and  normal  frrst-order  type  dielectric  responses  were  found  to  occur  for  VOD 
composidons  with  the  as-fired  materials  showing  the  characteristic  diffuse  and  dispersive 
responses  typical  of  a  relaxor  and  the  annealed  specimens  exhibiting  more  sharp,  first- 
order  type  behaviors.  The  dielectric  behaviors  exhibited  by  as-fired  and  annealed 
samples  under  a  biasing  field  of  S  (KV/cm)  were  also  observed  to  be  those  typically 
associated  with  relaxor-type  ferroelectrics  and  normal  first-order  ferroelectrics 
respectively.  The  general  features  of  the  temperature  dependences  of  the  remanent 
polarization,  Pr.  and  the  100  KHz  ledut^  RMS  polarization,  P(iooK)>  observed  for  the 
VOD  compositions  highlight  the  nature  of  the  polarization  as  it  relates  to  the  degree  of 
positional  ordering  present;  it  becomes  evident  that  even  for  the  annealed  samples,  for 
whidi  relatively  high  degrees  of  long-range  ordering  are  achieved  and  near-normal  first- 
order  dielectric  responses  displayed,  some  "glassy"  polarization  character  is  retained. 
The  depolarization  curves  of  the  remanent,  Pr,  and  100  KHz  reduced  RMS,  P(iooK)> 
polarizations  for  compositions  [x=0. 1-0.4]  showed  relaxor-type  tendencies  with  a  trend 
towards  a  more  normal  first-order  type  response  on  approaching  the  MPB  region. 

A  preliminary  evaluation  of  the  pyroelectric  response  has  been  conducted  in  this 
investigation  for  selected  (l'X)Pb(Sci/2Tai/2)03-(x)PbTi03  compositions  in  order  to 
determine  the  most  promiang  materials  for  thermal  imaging  applications  and  to  roughly 
establish  die  optimum  operating  conditions  for  those  which  exhibit  the  highest  frgures  of 
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merit  (defined  in  Section  6.1).  The  relatively  high  dielectric  constant  coupled  with  the 
moderate  values  of  the  pyroelectric  coefficient  below  T(max)  for  all  the  compositions 
considered  results  in  a  low  voltage  response  [Fvl  making  them  not  particularly  well- 
suited  for  large  area  device  applications.  These  materials  do,  however,  show  detectivities 
[FdI  adequate  for  potential  use  as  point  detectors.  The  VOD  compositions,  in  particular, 
appear  to  be  promising  candidates  for  field-stabQized  pyroelectric  devices. 

The  detectivities  for  as-fued  and  aimealed  [x=0.02S]  and  [x=O.OS]  compounds 
were  evaluated  under  a  DC  biasing  field  of  5  (KV/cm).  Some  enhancement  of  Fd  was 
observed  at  this  field  strength  for  the  as-fired  specimens  which  even  under  unbiased 
conditions  exhibited  stable  responses  over  an  extremely  broad  temperature  range  [T  sO- 
70®C;  Figure  6.8].  The  peak  Fd  of  the  annealed  IxsO.0251  material  [FD(max)«16  (10' 
5pa*l/2);  Figure  6.9(a)]  was  observed  to  occur  at  •20®C  and  showed  a  much  more  marked 
enhancement  under  DC  bias  than  its  as-fired  counterpart  (FD(max)«2.5  (lO'^Pa*^/^); 
Figure  6.8(a)].  The  effect  of  the  biasing  field  on  the  aimealed  (x=0.05]  material  was  less 
dramatic  with  respect  to  the  peak  Fd  attained  [I^max)-6.3  (lO'^Pa**^);  Rgure  6.9(b)]; 
however,  similar  to  the  as-fired  materials,  this  material  exhibited  an  enhanced  detectivity 
over  a  broad  temperature  range  above  T(max).  These  preliminary  results,  obtained  under 
modest  field  conditions,  have  indicated  that  the  materials  from  the  VOD  composition 
range  are  highly  variable  in  their  performance,  both  with  respect  to  the  maximum 
response  achieved  and  the  breadth  of  the  temperature  range  over  which  a  stable  response 
is  obtained. 
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riie  pyrneleelrie  response  of  selecled  coinpositions  from  this  solid  soliiiion  syslein  have  been  invesli- 
galed.  riie  nainre  ol  llie  teinperaline  dependence  of  Ific  pyrocleciric  coefricienl  for  llic  eoinposiiions 
exainined  indicate  the  piescnce  ol  a  lelalivciy  broad,  curved  nioipholropic  phase  boundary,  |a  =  II  .1- 
(l.45|.  I  he  high  values  of  pyioelectrie  coeflicienl  achievable,  in  particular  (or  low  ,v  coinpositions  |v  = 
(l-ll.  I|.  suggest  potential  application  ol  these  inalerials  as  highly  elficieni  and  versatile  lield-slabilized 
devices. 


INTRODUCIION 

The  iinitinc  characlciistics  (if  llie  solid  solulion  (l-4)l’h(Sc„2Ta|,2)0,-(v)l’bTiO, 
make  it  an  inicre.sting  sysicin  liom  Itotli  a  theoretical  and  practical  point  of  view. 
A  variety  of  compositionally  and  Ihcrinally  “iidjustable”  states  of  (dis)oider.  Curie 
temperature,  and  dielectric  and  pyroelectric  properties  arc  accessible  for  these 
materials  making  them  attractive  for  many  device  applications  as  well  as  a  useful 
model  system  for  further  exploring  the  fundamental  nature  of  rclaxor  ferioelec- 
trics.'  The  pyroelectric  pr(»perlies  of  various  com|iositions  have  been  examined  in 
this  investigation  in  order  to  belter  define  the  structural  phase  boundaries  in  the 
system  and  to  make  a  preliminary  evaluation  of  Ihe  potential  usefulness  of  the 
matcriiil  in  pyroelectric  device  applications. 


SAMPLE  PREPARATION 

Ceramic  samples  of  (l-A)Pb(Sc„,'rai/2)0r(.r)PbTi03  |a  :  0,  tM)2.‘i,  0.05,  0.1,  0.3, 
0.4,  0.45,  0.5|  were  prcpiircd  by  a  conventional  mixed  oxide  lechni(|ue  employing 
Ihe  wolframite  precursor  method’  in  order  to  reduce  the  occurrence  of  undesirable 
pyrochlorc  phases.  Starting  oxides  of  Sc^Oji  and  Ta203,t  were  batched  and  double 
calcined  at  MtKPC  for  4  hours  to  form  the  wolframite'  |ScTaO.,|  precursor  phase. 
The  com|>ositions  of  interest  were  then  formulated  from  PbO,1  ri()>,t  iind  Sc  TaOj, 
hall  milled  with  zirconia  media  for  hours  and  subjected  to  double  calcination 
in  closed  alumina  crucibles  at  yotPC  for  4  lunirs  and  KXXPC  for  I  hour.  Pellets 


t  I’bO  IJiitiiiNon  NtiiUhvy-Matviials  tvchmiliigy  I  IK-Oraitc  At|;  Si',0,  llhiiililvr  Sviciililic  Co  |, 

rii.OjjltcrniiiniiC  .Shirvk  (tlviljii)-SMml.  Opl.  (iiiiilv|;  tiO.IAcsiirtJiihiison  M.iuhvy  liic.)-y**.'>*W' i  j. 
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11.25  cni|  ill  iliiiinctcr  wetc  formed  :md  siiUcied  in  sealed  eriieililes  at  MtHfC- 
150(rc'  loi  iK’iioilsof  |().5- 1 .5  lu)urs|  tiepeiidiiigon  llie  sample  eomposilion.  Souice 
powders  of  I’l'fSci  ,l'a|M)0,  and  I’bZrO,  were  used  to  maintain  a  suitable  I’b 
atinospliere  within  the  erueibles.  Total  weight  losses  after  sinteiing  were  typieally 
sir;  for  eompo.sitions  (.v  >  U. Ij  and  somewhat  higher,  2-'57p.  for  those  with  [.v 
s  K.  I|  for  whieh  the  higher  sintering  temperatures  were  reipiired. 

Samples  of  com|iositioii  (I)  s  a  s  I).  1 1  were  disordered  as  sintereil.  Ortlercd 
nialciials  in  this  eomposilion  range  were  jirepared  by  post-sintering  heat  treatment.  ' 
The  sample  was  embediled  in  I'bfSe,;^  I  ai/j)0,  souree  powder  and  enelosed  in  a  I’t 
eioelope.  The  I’t-wiapped  sample  was  then  sealed  in  an  alumina  crueible  with 
I’btSe,  .'la,  .)(),  and  I’b/.iO,  sources  anti  annealed  at  ItMlirC  for  It)  hours.  No 
signilieant  weight  loss  was  observed  lor  any  of  the  samples  alter  annealing. 

I  he  degiee  ol  long-range  structural  ordering  was  determined  lor  oidereil  com¬ 
positions  by  means  of  .x-ray  diffraction  using  a  Scintag  automated  x-ray  diffracto¬ 
meter.  fu  Ka  radiation  was  employed.  The  long-range  order  is  typically  evaluated 
lor  l’b(Sc,,/ra,,dO,  nuilciials  in  terms  of  the  relative  intensities  of  the  superlatticc/ 
normal  reflection  pairs  lll/2(K)and  311/222.^ 

Specimens  lor  pyroelectric  and  dielectric  measurement  were  cut  as  plates  from 
the  sintered  disks  with  dielectric  samples  typically  10.75  cml  on  edge  and  10. 15  cml 
in  thickness  and  pyroelectric  samples  10.4  cml  on  edge  and  10.025-0. 03  cml 
thickness.  Sample  surfaces  were  sputtered  with  gold  and  silver  contact  points  ap¬ 
plied. 


INS'IIUIMLNIATION 

I  he  p\  loeleetiie  response  was  measured  by  a  modified  Bycr-Roundy  method.^’ 'I'hc 
specimen  w  as  initially  poled  wilUin  a  lempevalure  chamber  j  Model  2300,  Delta 
I  lesign.  Inc.i  near  the  transition  temperature  uiuler  a  poling  fieki  of  120  (KV/cm)| 
loi  15  minutes  ainl  tooled  with  the  field  applied  to  =  —  lOtrC.  'I  he  poling  field 
was  then  lemoved.  A  tlesk  top  computer  IModel  V8lb.  Hewlett  Packard,  Inc.l  was 
used  to  I;  ,  :  J  pyroelectiie  cunent  data  collected  by  a  picoammeicr  IModcl  4I40B, 
Hewlett  I’ackard,  Inc.l-  Pyroelectric  coefficients  and  depolarization  curves  were 
subseiiuently  calculated  from  tlic  pyroelectric  current  data. 

The  dielectric  constant  and  tan(<1)  were  measured  as  a  function  of  temperature 
and  ttei|ueney  using  an  automated  system  consisting  of  an  oven  IModel  231K),  Della 
Design,  Inc-l,  an  LCK  meter  IModel  4274A,  Hewlett  Packard,  Inc.},  and  a  digital 
multimeter  interlaced  with  a  desk  top  computer  IModel  9816,  Hcwleli  Packard, 
Inc-l.  Dielectric  runs  were  made  over  a  rangcof  1  -  150-  +  260'’C]  and  at  frequencies 
l(K)  Hz.  I  KHz.  10  KHz.  and  100  KHz. 


RDSUUS 


The  ellcct  of  increasing  Ti-eonlcnt  on  the  pyroelectric  response  of  the  material, 
as  mauitested  in  the  temperature  dependence  of  the  pyroelectric  coefficient,  is 
shown  in  l-igurcs  l(a-c).  The  change  in  the  shape  of  p{T)  as  well  as  the  positions 
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I  /  (/>)|  ami  inagiiiUKlcK  of  Uic  pyroelectric  coefficient  peaks  (lablc  1;  Figure  3]  are 
scon  lo  vary  significantly  throughout  the  coinpositiun  range  investigated.  Reason¬ 
ably  s}ia(|i  peaks  are  ohscrvcrl  f*»r  the  coinposilions  represented  in  Figure  1(a) 

=  (l-(l.  1|  with  a  steady  inciea.se  in  the  temperature  of  the  pyroclccliic  coefficient 
inaxiimnn.  T(p),  and  an  initial  increase  in  the  inagnilude  of />(  '  )  [Table  1)  followed 
by  a  sudden  decrease  in  the  inaxiinuni  and  some  broadening  of  the  peak  for  the 
ordered  |v  =  0.051  conriKisitirm.  The  shape  of  i>(T)  reflects  the  onset  of  the 
inorphotropie  phase  Ixnindary  (MP1}|  between  the  rhoinbohcdral  and  tetragonal 
phases  of  the  system  at  almut  (.v  =  0.3)  with  the  ap|)earance  of  a  second  higher 
lem|K'rature  peak  which  jicrsists  through  jx  =  0.4)  (Figure  Ifc)).  This  corresjumds 
well  with  pievious  deicnninations  of  the  general  range  of  the  MI’U  by  means  of 
room  tcnificratuic  x-ray  diffraction  and  dielectric  measurement'  and  further  in¬ 
dicates  a  curvature  to  this  iMUindary.  The  appearance  of  a  scct>nd  higher  temper¬ 
ature  p(  / )  peak  for  the  (x  =  0.3|  coin|iosition  in  this  study  and  the  persistence  of 
a  shouldei  to  that  of  the  (v  =  0.45|  coin|H)silion.  however,  indicate  a  slightly 
bioader  range  of  compositions  over  which  the  MI’U  extends  tlian  was  previously 
observed.'  I  ligli  Icinpcralurc  x-ray  diffraction  investigations  arc  currently  underway 
to  belter  refine  the  breadth  and  curvature  of  the  MI’U  region. 


PYKOEl.ECI  KIC  RESPONSE  OF  PI>(ScTii)0,-PhTiO,-n)TiO,  MA  I  ERIALS 

TAIILE  II 

Pyroclcclrii;  figures  of  iiieril  ( l-^)PNSc,,;Tii„,)0,-(>  )PI>'I'iO,  coinposilions. 
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A  second  houiuliiry  is  also  cviilcnl  upon  examination  of  the  changes  in  />(  /')  that 
rrcciir  f»»r  compositions  (0  <  x  0. 1 1  as  siiown  in  l•igll^c  i(a)  representing  partially 
ordered  compounds  and  l  ignrc  1(b)  sliowing  the  response  of  ilisrrrdercil  com¬ 
pounds.  It  has  been  determined  in  another  investigation^  that  compositions  |l)  £ 
X  <  0. 1]  may  exhibit  both  compositionally  and  thermally  variable  (dis)ordcr.  In 
that  study,  this  slate  of  variable  (dis)order  persists  in  compositions  n|r  to  |x  =  0. 1 1 
beyond  which  an  invariable  state  of  structural  disorder  exists  and  develops  in  a 
manner  analogvnis  Irr  other  systems  showing  a  transition  from  relaxor  to  normal 
ferrrrelectric  behavior  with  compositional  changes  [e.g.,  -l’b(Mg,„Nb,„)C),-l’b- 
TiOj).  There  are,  therefore,  four  distinct  regions  {Figure  3]  present  in  this  solid 
solution  system;  (a)  Region  1,  a  region  of  variable  order/distrrdcr  jVOD),  (b) 
Region  11,  a  com|X)sition  range  in  which  the  material  lichavcs  as  a  relaxor  (anal¬ 
ogous  to  Pb(Mg„^Nb2„)0,).  (c)  Region  III,  a  MPB  region,  and  (d)  Region  IV.  in 
which  the  material  exhibits  normal  ferroelectric  behavior.  The  existence  of  a  sccomi 
structural  Ixmndary  between  variably  (dis)ordcred  aiul  invariably  disordcied  stales 
is  further  evidenced  here  where  there  is  seen,  in  the  ordered  case  (I'igme  l(a)|.  a 
drop  in  the  magnitude  of  the  |x:ak  />(7’)  just  before  j.v  =  0. 1 1  and,  in  the  disorilcied 
case  {Figure  l(b)(,  for  compositions  up  to  {,v  =  0. |{  characteristic  multiple  peaks 
similar  to  that  previously  observed  for  rlisordercd  Pb(Sc„;Ta„;!)0,  sinele  crystals.^ 
It  was  suggested  in  that  investigation  that  the  appearance  of  a  tlon:  le  peak  lor 
disordcrcil  Pb(SC|,,  ra,/;)C),  likely  reflects  the  coexistence  of  ordcreil  and  disorderetl 
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regions  within  (lie  niiitcrial.  I'liis  issue  iitul  a  more  ihorongh  cliaraclerizalion  of  the 
compositions  within  this  VOl)  region  arc  iliscnsscti  elsewhere.'* 

The  shape  of  the  depolarization  curve  |l•‘igurcs  2(a-c)]  is  oli.served  to  cliangc 
markedly  with  compositional  variations.  On  traversing  Region  I  [O  s  ,v  <  0.1 1. 
considering  only  partially  ordered  compositions,  the  depolarization  curve  is  seen 
to  vary  gradually  with  a  “tail”  that  persists  well  above  the  temperature  of  the 
flieicctric  maximum  |  Table  I)  in  all  cases.  As  observed  previously  for  disorilered 
l’b( Sc, /iTa  1,2)0 r,**"  the  depolarization  curves  of  the  disordered  componiuls  in  this 
region  | Figure  2(b)|  arc  seen  to  decrease  in  a  conlimioiis,  extremely  gradual  man¬ 
ner,  with  the  high  temperature  polarization  “tail”  increased  in  magnilutle  on  ap¬ 
proaching  the  VOD  boundary  composition  [.r  =  0.  Ij.  'The  shape  of  the  depolari¬ 
zation  curve  becomes  more  continuous  and  extended  throughout  (he  composition 
range  (.r  =  0.3-l).45|  reflecting  the  phase  transitions  occurring  through  the  MI’H 
with  (hat  of  the  |.i'  =  ().4.S|  composition  exhibiting  a  tendency  to  a  more  first-order 
type  liehavior.  This  corrcsp'^mls  well  with  results  previously  reported  on  the  nature 
of  (he  dielectric  response  of  these  materials  through  (he  MI’B  region.'  In  (hose 
studies  (he  dielectric  behavior  of  the  (.r  =  0.4.5|  composition  was  observed  to 
approach  (hat  characteristic  of  a  normal  ferroelectric  but  with  (he  persistence  of 
some  of  the  diffuscncss  characteristic  of  a  rclaxor  rcrroclectric.  Further,  tiic  tem¬ 
perature  range  required  to  observe  the  transition  for  this  composition  extended 
somewhat  beyond  the  practical  range  of  the  experimental  set-up  thereby  iiffccting 
data  taken  at  the  extreme  upper  limit  of  this  range  in  such  a  way  as  to  artificially 
enhance  the  magnitude  of  the  /’(.r)  values  calculated  from  data  taken  at  (he  highest 
temperatures.  Overall,  the  nature  of  the  depolarization  is  seen  to  vtiry  with  com¬ 
position  in  a  manner  appropriate  to  the  state  of  the  material  in  each  of  the  four 
regions  defined  for  the  system  consistent  with  results  obtained  in  previous  inves¬ 
tigations.' 

The  pyroelectric  response  of  a  material  is  generally  rated  for  device  application 
by  the  figures  of  merit  FfF)  |/>/Af  f'l  aiul  /■(/>)  lan(«i))''-i''|  (c':  (he  volume 
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lnMl  cai);Kity)  wliicli  roflccl  tlic  voltage  response  ami  ileleetivity  res|icetively."’  " 
A  high  l  (\')  is  desirable  for  large  area  deviee  applications  while  a  high  value  of 
l  il))  is  im|H)rtant  lirr  point  detectors.  'I'lic  relatively  high  dielectric  constant  cou¬ 
pled  witli  moderate  values  of  pyroelectric  coefficient  below  7c  results  in  a  low 
voltage  response  for  all  the  compositions  considered  making  them  not  particularly 
well-suited  for  large  area  device  ap)tlications.  These  compositions  do,  however, 
show  values  of  r(l))  adequate  for  potential  u.se  as  point  detectors,  'flic  VOD 
composiiions  in  particular  are  promising  candidates  for  ficld-.stabilii’cd  pyroelectric 
ilevices.  The  usefulness  of  pure  l’b(Sc,/2'I'ai/2)0,  materials  operated  under  moderate 
DC  fields  has  already  been  established  for  such  applications.*’  ''-'^  It  has  been  dem¬ 
onstrated  that  variably  (di.s)ordcred  (l-a)l’b(Sc„2Ta„2)Ov(-v)PbTiO,  within  the 
VOD  legion  respond  to  DC  bias  in  a  manner  similar  to  that  c.shibited  by 
l’b(Sc|.yi  a,  .)0,."  1  he  (l-v)l’b(Sc„2'ra„2)0,-(A)l’bl  iO,  compositions  in  the  VOD 
region  are,  therefore,  c.xpected  to  exhibit  figures  of  merit  comparable  to  that  of 
the  unmodified  material  with  the  added  feature  of  being  tailorable  in  resi>onse  via 
both  compcisitional  variations  and  heat  treatment. 


SUMMARY 

I  he  temperature  dependence  of  the  pyroelectric  coefficient  and  the  depolarization 
behavior  cxhibilcti  by  compositions  from  the  solid  solution  system  (l-.i)Pb- 
(Sc,  ,  ra,,,)0<-(.v)l’b  riO,  indicate  the  c.\istcnce  of  two  structural  pha.se  boundaries, 
a  morphotrophic  [iliase  boundary  (MI’U)  and  another  between  variably  (dis)ordercd 
I  VODl  <*"d  invariably  disordered  composiiions,  in  general  agreement  with  dielectric 
and  .\-ray  diffraction  data  previously  reported.'  The  range  of  the  MI’U  is  observed 
to  be  rather  broad  |.v  =  l).3-0.4.S]  and  some  curvature  to  the  boundary  is  evident. 
I  hc  VOD  pha.se  region  is  clearly  indicated  by  characteristic  behavior  within  the 
region  and  an  abrupt  change  in  the  nature  of  the  pyroelectric  res|wnsc  at  the  VOD 
phase  boundary.  These  VOD  compositions  arc  particularly  promising  candidates 
for  field-stabilized  pyroelectric  device  applications  due  to  their  excellent  pyroelec¬ 
tric  response  coupled  with  the  versatility  of  design  possible  via  simple  variations 
in  composition  and  annealing  conditions. 
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The  temperature  dependence  of  the  pyroelectric  and  dielectric  response  as  a  function  of  a  selected  DC 
electric  bias  field  has  been  investigated  for  several  different  compositions  of  the  PMN-based  ceramic. 
The  selected  DC  electric  bias  field  which  gives  the  maximum  pyroelectric  coefficient  was  determined 
by  a  study  of  the  pyroelectric  coefficient,  measured  by  the  Byer-Roundy  method,  at  several  poling 
fields.  The  hirge  values  of  the  figure  of  merit  (p/ffC)'")  found  in  these  PMN-based  compositions,  suggest 
this  material  as  a  promising  candidate  for  pyroelectric  point  detectors  since  this  figure  of  merit  is 
comparable  to  the  materials  most  widely  used,  TGS  and  LiTaO,.  for  point  detectors. 


INTRODUCTION 

Recent  interest  has  been  focu.seci  on  the  solid  solution  consisting  of  the  relaxor 
ferroelectric  end  member  PbMgNb^/jO,  (PMN)  and  the  normal  ferroelectric  end 
member  PbTiO.,  (PT)  for  possible  use  in  actuators'  and  transducers.^  This  interest 
has  evolved  because  of  the  large  dielectric  and  piezoelectric  constants  that  have 
been  reported  in  these  materials.  Throughout  the  entire  solid  solution,  large  di- 
eleelric  values  h.ive  been  reported  while  large  piezoelectric  constants,  have  been 
rejrorted  luU  only,  near  the  niorphotropie  phase  boundary'  (realized  by  Choi  cl 
al..  on  a  ceramic  composition,  at  room  temperature,  to  be  ~0.66  PMN-0.34  I’'r) 
but  also,  for  those  c<»mpositions  with  less  lead  titanate  content  where  with  the 
application  of  an  external  electric  bias  field  u  very  strong  piezoelectric  effect  is 
induced.'*-^  For  the  compositions  with  less  lead  titanate,  the  application  of  an  ex¬ 
ternal  DC  bias  field  is  necessary  because  for  these  compositions  there  is  no  net 
stable  remanent  polarization. 

In  some  of  our  earlier  publications,  studies  of  the  piezoelectric,  dielectric  and 
elastic  properties  of  PMN-based  ceramics  under  DC  bias  fields  were  made  by  laser 
interferometry*  and  a  resonance  method,’  however,  a  natural  question  arises  as  to 
the  pyroelectric  properties  of  these  ceramics  as  a  function  of  DC  bias.  It  is  the 
intent  of  this  paper  to  explore  the  pyroelectric  properties  of  some  of  the  PMN- 
based  ceramic  compositions,  where  with  the  application  of  an  external  electric  field 
a  strong  piezoelectric  effect  is  induced.  This  investigation  includes  a  study  of  the 
effect  of  different  poling  voltages  on  each  composition,  the  determination  of  the 
electric  poling  field  which  gives  the  maximum  pyroelectric  effect  and  the  values  of 
the  pyroelectric  and  dielectric  properties  with  this  maximum  electric  poling  field 
applied  to  the  sample  as  a  DC  electric  bias  field.  The  paper  then  goes  on  to  calculate 
the  figures  of  merit  for  the.se  compositions  and  based  on  one  of  these  figures  of 
merit  suggests  a  couple  of  the  PMN-based  ceramic  compositions  as  promising 
candidates  for  pyroelectric  point  detectors." 

143 


144 


D.  J.  TAYLOR.  D.  DAMJANOVIC  and  A.  S.  BHALLA 


EXPERIMENTAL  PROC  EDURE 

Three  different  compositions  of  the  PMN-based  ceramic  material  were  cliosen  for 
a  study  of  their  pyroelectric  and  dielectric  properties  as  a  function  of  poling  field. 
These  compositions  are;  0.90  PMN-0.10  PT,  0.93  PMN-d  '•?  PT  and  PMN  with  1 
mole  %  La.  All  of  the  compositions  were  prepared  from  reagent  grade  oxides 
according  to  the  Columbite  precursor  method''  and  hot  uniaxially  pressed.  Hot 
uniaxially  pressing,  as  compared  to  traditional  sintering  methods,  resulted  in  the 
formation  of  highly  dense  (>99.5%  theoretical)  phase  pure  ceramics  with  a  unilorm 
microstructure  and  it  is  expected  that  these  hot  pressed  ceramics  will  give  optimal 
pyroelectric  and  dielectric  coefficients. 

Pyroelectric  measurements  were  made  using  the  static  method  of  Byci  -Roundy.'° 
In  this  method,  a  pymHectric  current  is  generated  in  the  ceramic  when  its  sur¬ 
rounding  temperatun  changed  so  as  to  vary  the  spontaneous  polarization  of  the 
ceramic.  This  current  is  given  by: 

/  =  pAdTIdi  (1) 

where  p  is  the  pyroelectric  coefficient,  A  the  electroded  lace  area  ol  .  sample, 
and  dTIdt  the  rate  at  which  the  .sample  is  heated  or  cooicd. 

In  our  experimental  set-up  the  current  (/)  is  measured  on  a  picoammeter  (HP- 
4140B)  and  recorded  on  a  computer  (HP-9000).  This  computer  also  controls  and 
monitors  the  heating  and  cooling  rates  of  the  liquid  nitrogen  fed  furnace  (Delta 
design  2300).  Different  DC  electric  bias  fields  were  applied  to  the  sample  with  a 
Kiethly  240A  high  voltage  power  supply.  A  static  value  >•(  the  spontaneous  polar¬ 
ization  is  found  by  integrating  p  with  respect  to  7 

The  samples  use  ^  in  the  Byer-R<*'indy  method  liad  ai'  bet'  ’  0.1  cm^  and 
0.4  cm^  and  thickn.  'Cs  less  than  0.4  mm.  Gold  electrodes  wer’  tered  on  the 
top  and  bottom  surfaces  of  the  samples  and  a  small  amount  of  an  y  silver  paint 
was  brushed  on  the  center  of  these  gold  electrodes  so  as  to  ensuic  good  electrical 
contacts.  The  samples  were  prepared  having  an  area  with  small  dimensions  so  that 
a  uniform  temperature  could  be  maintained  across  the  sample.  The  samples  were 
polished  with  0.3  p,  AIjO-)  and  were  prepared  thin  so  that  large  electric  fields  could 
be  applied  to  the  sample.  For  all  pyroelectric  measurements  made,  a  heating  and 
cooling  rate  of  approximately  2°Ominutc  was  used. 

For  the  three  different  PMN-based  ceramic  comp'"  ifions,  pyroe*  "trie  coeffi¬ 
cients  at  several  '"Hcrent  poling  fields,  including  zo  iield,  were  r  isured  with 
the  intent  of  locating  the  maximu':<  pyroelectric  coefficn  nt.  Theproceunre  foll'"ved 
for  these  measurements  was:  fii-!  to  heat  the  sample  well  above  its  Curie  i  '  e, 
then  apply  an  electric  field  to  the  sample  and  cool  the  sample  to  a  tcmperaiure 
well  below  its  Curie  range,  next  short-circuit  the  sample  at  its  minimum  temperature 
and  finally  measure  the  pyroelectric  current  on  heating  with  no  field  applied  to  the 
sample.  This  procedure  was  followed  for  several  electric  fields,  climbing  in  gradual 
increments  with  the  electric  field,  until  the  pyroelectric  coefficient  saturates  or  the 
external  threshold  bias  voltage  of  the  picoammeter  is  reached. 

Once  the  electric  field  which  gave  the  maximum  pyroelectric  co -Ticient  was 
foum'  lor  the  limiting  bias  volta*>r  of  the  picoammci  '  was  reached)  Miis  electric 
field  as  then  applied  to  the  s:  .*  and  the  compn'  colic 'd  pyroelectric  data 
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on  both  a  cooling  and  heating  run.  The  temperature  that  the  cooling  cycle  started 
at  was  at  least  above  the  temperature  at  which  the  pyroelectric  coefficient 
had  a  maximum,  and  the  temperature  that  the  cooling  cycle  finished  at  was  at  least 
25°C  below  the  temperature  at  which  the  pyroelectric  coefficient  had  a  minimum. 

Dielectric  measurements  were  made  as  a  function  of  temperature  on  cooling  and 
heating  cycles  at  several  frequencies  for  the  three  PMN-based  ceramic  composi¬ 
tions.  These  measurements  were  made  with  no  field  applied  to  the  sample  and  at 
several  different  electric  fields,  including  the  field  that  gave  the  maximum  pyro¬ 
electric  coefficient,  thus,  allowing  us  to  calculate  the  figure  of  merit  for  each 
composition  at  one  electric  field.  The  dielectric  constant  is  determined  by; 

K  =  at  A  to  (2) 

where  C  is  the  sample’s  capacitance,  t  its  thickness,  A  its  area,  and  e,,  the  electrical 
permittivity  of  free  space  (8.85  x  10" F/m).  Measurements  of  the  capacitance 
were  made  on  an  LCR  meter  (HP4274A)  and  recorded  on  a  computer  (HP9816), 
which  similar  to  the  Byer-Roundy  method  for  making  pyroelectric  measurements, 
controls  and  monitors  the  heating  and  cooling  rate  of  the  liquid  nitrogen  fed  furnace. 
Tlie  DC  bias  voltage  was  applied  to  the  samples,  via  the  LCR  meter,  by  a  high 
voltage  power  supply  (Keithly  240A)  and  the  maximum  voltage  allowed  is  ±200 
volts.  Sample  preparation  for  the  dielectric  measurements  is  the  same  as  that  for 
the  Byer-Roundy  measurements,  hence  the  same  samples  used  for  making  Byer- 
Roundy  pyroelectric  measurements  were  also  used  for  making  dielectric  measure¬ 
ments. 


RESULTS  AND  DISCUSSION 

Presented  in  Figure  1  are  the  results  of  pyroelectric  measurements  made  on  0.90 
PMN-0.10  PT  by  the  Byer-Roundy  method.  When  no  electric  field  is  applied  to 
the  sample  and  the  pyroelectric  coefficient  and  spontaneous  polarization  are  mea¬ 
sured  on  heating  from  -  lOtTC  to  IWC,  the  maximum  pyroelectric  coefficient  is 
less  than  7  x  10~^  C/m^  K  and  the  maximum  spontaneous  polarization  is  less  than 
II. Ill  I  iViii’.  Ill  l•■i(•lll<•  Ita)  llic  pvHM'li’cliic  ciM’ffii-irnl  is  shown  as  a  fimriion  of 
lciii|K:ialuic  ovci  the  lciii|icialiiu'  laiigc  IK't  ‘  lo  I'l  ’  wIhmi  vmioii-.  ^•l<•l•lll(■  In-lils 
were  applied  to  the  sample  on  cooling.  I'hese  measurements  which  show  the  cllcct 
of  different  poling  voltages  on  this  composition  were  made  by  the  following  pro¬ 
cedure:  first  the  sample  was  heated  to  lOtPC,  then  cooled  to  —  KKPC  with  an 
eiearic  field  of  cither  LO,  1.5,  2.0  or  2.5  kV/cm  applied  to  the  sample,  next  the 
sample  was  short-circuited  and  finally  pyroelectric  coefficients  were  measured  on 
a  heating  cycle  from  -4(fC  to  120°C  at  2'’C/minute.  The  pyroelectric  peak  for 
these  four  electric  fields,  over  a  temperature  range  of  160'C  is  very  sharp.  However, 
since  the  width  of  each  pyroelectric  peak  is  less  than  2"C,  we  chose  to  plot  the 
pyroelectric  coefficient  as  a  function  of  temperature  over  a  smaller  temperature 
range,  namely  18°C  to  23'’C,  even  though  the  pyroelectric  peak  is  less  distinct. 
Also,  it  should  be  noted  that  the  interpretation  of  the  data  was  aided  by  extrap¬ 
olating  the  data  around  the  pyroelectric  peak,  as  indicated  in  Figure  1(b)  with  a 
dashed  line.  For  0.90  PMN-0.10  PT  the  maximum  pyroelectric  coefficient  (p  ~ 
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(C) 


Tei<pea»Tu«t  (*c> 


FIGURE  1  Results  of  mcasurenicnts  made  on  0.90  PMN-0.10  FT.  (a)  The  pyroelectric  coefficient  as 
a  function  of  temperature  when  various  DC  bias  fields  are  applied  on  a  cooling  cycle  from  IWPC  to 
-  I(I(I°C  and  measurements  are  made  on  a  heating  cycle  with  zero  field  applied  to  the  sample,  (h)  The 
spontaneous  polarization  as  a  function  of  temperature  corresponding  to  the  pyroelectric  coefficient 
mentioned  above,  (c)  Heating  and  cooling  cycles  of  the  pyroelectric  coefficient  as  a  function  of  tem¬ 
perature  when  a  1.5  IcV/cm  DC  electric  bias  field  is  applied  to  the  sample  during  measurements,  (d) 
These  measurements  follow  the  same  procedure  as  that  discussed  in  Figure  1(c),  however,  they  were 
made  nine  months  later  and  at  this  time  the  charge  build-up  on  the  electrodes  had  time  to  dissipate. 


0.27  C/m^  K)  is  rather  large  and  occurs  when  an  electric  field  of  1.5  kV/cm  is 
applied  on  cooling  at  a  temperature  near  room  temperature,  about  20.2°C  and 
measurements  are  made  on  heating  without  an  electric  bias  field  applied  to  the 
sample.  Furthermore,  we  observe  that  the  effect  of  an  increase  in  the  electric  field 
is  not  only  to  change  the  value  of  the  pyroelectric  coefficient  but  also  to  slightly 
increase  (he  temperature  at  which  this  maximum  occurs.  More  specifically,  for  an 
increase  in  field  of  ~1  kV/cm,  the  temperature  corresponding  to  the  maximum 
pyroelectric  coefficient  increases  by  half  a  degree. 

Curves  of  the  spontaneous  polarization  as  a  function  of  temperature  correspond¬ 
ing  to  the  pyroelectric  measurements  described  for  Figure  1(a)  are  shown  in  Figure 
1(b)  over  the  complete  measured  temperature  range,  that  is  -40“C  to  120“C.  The 
maximum  spontaneous  polarization  (~0.28  C/m^)  occurs  when  an  electric  field  of 
1 .5  k V/cm  is  applied  to  the  sample  on  cooling  and  as  expected  the  field  to  which 
this  maximum  polarization  corresponds  is  the  field  which  gives  the  maximum  py¬ 
roelectric  coefficient. 

Results  of  the  pyroelectric  coefficient  as  a  function  of  temperature,  after  applying 
an  electric  field  of  1.5  kV/cm  to  the  sample,  on  a  heating  and  cooling  run  from 
-50”C  to  -i-5(fC,  are  shown  in  Figure  1(c).  For  this  electric  field,  on  a  cooling 
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run,  Ihc  pyroelectric  coefficient  reaches  a  maximum  of  0.124  C/m^  K  at  18.8°C  and 
on  a  heating  run,  the  pyroelectric  coefficient  drops  to  0.072  Ctm?  K  at  25.9“C.  This 
change  in  the  magnitude  of  the  pyroelectric  coefficient  on  cooling  and  heating  could 
be  explained  by  the  build-up  of  charge  on  the  electrode.  In  Figure  1(d)  results  of 
measurements  made  nine  months  later,  just  like  those  described  for  Figure  1(c), 
are  shown.  The  value  of  the  pyroelectric  coefficient  on  a  cooling  and  heating  cycle 
remained  the  same  (p  ~  0.06  C/m^  K)  and  the  extra  build-up  of  charge  on  the 
electrodes  dissipates  over  lime.  The  slight  change  in  the  values  of  the  pyroelectric 
measurements  made  nine  months  later  is  minimal  and  within  experimental  error. 
The  shift  of  the  pyroelectric  peak  with  temperature,  observed  in  both  Figure  1(c) 
and  Figure  1(d),  when  cooling  and  heating  the  sample  can  be  explained  by  thermal 
hysteresis. 

Pyroelectric  measurements  made  on  0.93  PMN-0.07  PT  by  the  Byer-Roundy 
method  are  shown  in  Figure  2.  When  no  field  is  applied  to  the  sample  on  heating 
over  the  temperature  range  -  100°C  to  100°C,  the  pyroelectric  coefficients  like 
those  of  0.90  PMN-0.10  PT  are  insignificantly  small  and  less  than  10"*  C/m^  K.  In 
Figure  2(a)  the  pyroelectric  coefficient  is  shown  as  a  function  of  temperature  over 
the  range  -  lO^C  to  0°C  for  the  electric  fields  of  2.0,  2.5,  3.0,  3.5  and  4.0  kV/cm 
applied  to  the  sample.  These  measurements  which  show  the  effect  of  different 
poling  voltages  on  this  composition  were  made  following  the  same  procedure  de¬ 
scribed  for  Figure  1(a)  except  that  in  order  to  find  this  composition’s  maximum 
pyroelectric  coefficient  it  was  necessary  to  apply  larger  electric  fields  to  the  sample. 
For  this  composition,  we  also  note  that  its  pyroelectric  peak  would  likely  be  more 
distinct  over  a  larger  temperature  range,  however,  over  the  small  temperature 
range  plotted,  -  lO'C  to  0°C,  the  pyroelectric  peak  does  not  appear  sharp,  but 
rather  smooth.  Furthermore,  we  find:  the  maximum  pyroelectric  peak  to  be  0.023 
C/m^  K,  an  order  of  magnitude  less  than  0.90  PMN-0.10  PT;  the  temperature 
corresponding  to  the  maximum  pyroelectric  peak  to  be  -  5°C,  a  temperature  at 
least  25'’C  less  than  0.90  PMN-0.10  PT;  the  width  of  the  pyroelectric  peak  to  be 
greater  than  50°C,  a  width  much  greater  than  0.90  PMN-0.10  PT  and  the  electric 
field  (3.5  kV/cm)  needed  to  achieve  this  maximum  pyroelectric  coefficient  to  be 
larger  than  the  electric  field  (1.5  kV/cm)  needed  to  achieve  the  maximum  pyro¬ 
electric  coefficient  in  0.90  PMN-0.10  PT.  However,  it  should  be  noted  that  there 
is  not  a  strong  relationship  between  the  increase  in  the  electric  field  and  the  increase 
in  the  measured  value  of  the  maximum  pyroelectric  coefficient.  Also,  corresponding 
changes  in  the  associated  temperature  are  small. 

For  the  same  five  different  electric  fields  shown  in  Figure  2(a),  the  spontaneous 
polarization  is  shown  in  Figure  2(b).  As  expected,  and  also  observed  in  0.90  PMN- 
0.10  P'r,  the  field  which  gives  the  maximum  spontaneous  polarization  (~  0.27 
CVm^)  corresponds  to  the  electric  field  which  give  the  maximum  pyroelectric  coef¬ 
ficient. 

Shown  in  Figure  2(c)  arc  the  results  of  the  pyroelectric  coefficient  as  a  function 
of  temperature  when  a  field  of  3.5  kV/cm  is  applied  to  the  sample  on  a  cooling 
and  heating  run.  The  magnitude  of  p  is  essentially  constant  at  ~0.005  C/m^  K 
hence,  there  is  no  space  charge  build-up.  Only  a  small  amount  of  thermal  hysteresis 
is  observed,  as  can  be  seen  by  the  temperature  corresponding  to  the  pyroelectric 
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FIGURE  2  Results  of  measurements  made  on  0.93  PMN-0.07  PT.  (a)  The  pyroelectric  coefricient  as 
a  function  of  temperature  is  measured  by  the  procedure  discussed  in  Figure  1(a).  (b)  The  spontaneous 
polarization  as  a  function  of  temperature  is  measured  by  the  procedure  discussed  in  Figure  1(b).  (c) 
Heating  and  cooling  cycles  of  the  pyroelectric  coefricient  as  a  function  of  temperature  when,  during 
measurements,  a  3.3  kV/cm  DC  electric  bias  field  is  applied  to  the  sample. 

peaks  on  a  heating  and  cooling  run,  this  temperature  increases  by  only  about  2°C 
as  compared  to  0.90  PMN-0.10  PT  where  an  increase  of  about  10°C  is  observed. 

Results  of  the  pyroelectric  measurements  made  by  the  Byer-Roundy  method, 
on  PMN  with  1  mole  %  La,  are  shown  in  Figure  3.  When  no  field  is  applied  to 
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(a)  TEMPERATURE  t*CJ 


FIGURE  3  Results  (if  measurements  made  on  PMN  with  I  mole  %  La.  (a)  T  he  pyroelectric  coellicicnl 
is  measured  hy  a  procedure  .similar  to  that  discussed  in  Figure  1(a).  (b)  Heating  and  cooling  cycles  ol 
the  pyroelectric  cociricicnt  as  a  (unction  of  temperature  when,  during  measurements,  a  8.0  kV/cm  DC 
elcetric  bias  field  is  applied  to  the  sample. 

the  sample  on  heating  from  -  180°C  to  KXTC,  like  the  other  PMN-based  ceramic 
compositions,  the  pyroelectric  coefficient  is  insignificantly  small.  In  Figure  3(a)  the 
pyroelectric  coefficient  is  shown  as  a  function  of  temperature  over  the  temperature 
range  -  180"C  to  100®C  for  the  different  electric  poling  fields,  starting  at  2.0  kV/ 
cm  with  successive  increments  of  1.0  kV/cm.  Although  the  pyroelectric  coefficient 
did  not  saturate  at  8.0  kV/cm,  this  was  the  maximum  electric  field  applied  to  the 
sample,  since  the  external  threshold  voltage  of  the  picoammeter  is  reached  at  this 
field.  For  this  composition  at  8.0  kV/cm  the  maximum  pyroelectric  coefficient  has 
a  value  of  0.0027  C/m^  K  and  is  two  orders  of  magnitude  less  than  the  pyroelectric 
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coefficient  of  0.9()  PMN-0. 10  PT.  This  value  of  the  pyroelectric  coefficient  for  PMN 
with  1%  La  occurs  at  a  temperature  of  -  108.4°C  when  first,  an  electric  field  of 
8.0  kV/cm  is  applied  to  the  sample  on  cooling  from  100°C  to  -  180°C  and  then, 
when  measurements  arc  made  on  heating  over  the  same  temperature  range  with 
no  field  applied  to  the  sample.  The  pyroelectric  peak  for  this  sample  is  very  broad, 
compared  to  0.90  PMN-0. 10  PT  and  0.93  PMN-0. 07  PT.  and  may  be  explained  by 
the  La  in  this  sample’s  composition.  Also,  it  is  noteworthy,  that  an  increase  of  the 
electric  field  applied  to  the  sample  when  on  a  cooling  run  not  only  results  in  the 
increase  of  the  values  of  the  maximum  pyroelectric  coefficients,  as  it  did  with  the 
other  compositions  discussed  earlier,  but  also,  results  in  the  decrease  in  the  tem¬ 
perature  at  which  this  maxiiiuim  pyroelectric  coefficient  occurs.  This  temperature 
decrease  did  not  occur  with  either  0.90  PMN-0. 10  PT  or  0.93  PMN-0. 07  PT.  The 
decrease  in  temperature  is  around  2’C  to  5°C  for  an  increase  in  electric  field  of 
1.0  kV/cni  and  may  be  a  result  of  the  La  in  this  composition  causing  aging. 

Measurements  made  of  the  pyroelectric  coefficient  as  a  function  of  temperature, 
after  applying  an  electric  field  of  8.0  kV/cm  to  the  .sample  on  both  a  cooling  and 
heating  run.  in  the  temperature  range  -  180°C  to  20°C.  are  shown  in  Figure  3(b). 
The  pyroelectric  peak  on  the  cooling  cycle  is  only  slightly  broader  than  the  py¬ 
roelectric  peak  on  heating.  The  value  of  the  maximum  pyroelectric  coefficient  on 
heating  is  only  slightly  greater  than  O.OUl  C/m'  K  and  yet,  the  value  of  the  maximum 
pyroelectric  coefficient  on  cooling  is  only  slightly  greater  than  0.0(K)8  C/m-  K.  The 
small  difference  in  the  values  of  p  on  heating  and  cooling  could  be  due  to  the  build¬ 
up  of  charge  on  the  electrodes  also  noted  for  0.90  PMN-0. 10  PT  and  discussed  in 
connection  with  Figure  1(c).  For  PMN  with  I  mole  %  La  some  thermal  hysteresis 
is  observed  since  the  temperature  corresponding  to  the  maximum  pyroelectric 
coefficient  on  heating  and  cooling  differs  by  approximately  lO'C. 

For  the  three  PMN-based  ceramic  coiiipositions.  capacitance  measurements  on 
heating  and  cooling  as  a  function  of  temperature  at  various  DC  electric  bias  fields, 
including  zero  field  were  made.  These  measurements  were  performed  with  an  ac 
voltage  of  1  volt  and  at  several  frequencies.  The  dielectric  constant  is  calculated 
by  Equation  2.  at  ItK)  Hz.  It  is  plotted  as  a  function  of  temperature,  as  shown  in 
Figure  4.  when  the  samples  are  cooled  (at  a  rate  of  2°C/minute)  and  measurements 
were  made  on  cooling  with  various  DC  electric  bias  fields,  including  zero  field  and 
the  Field  which  gives  the  maximum  pyroelectric  coefficient.  For  each  composition, 
the  temperature  range  covered  for  the  dielectric  measurements  is  practically  the 
same  as  the  temperature  range  covered  for  the  pyroelectric  measurements.  Thus, 
later  it  will  be  possible  to  calculate  the  figure  of  merit  for  each  composition  at  one 
electric  Field. 

Results  of  measurements  made  on  0.90  PMN-0. 10  PT  at  0.5,  1.0,  1.5  and  2.0 
kV/cm  are  shown  in  Figure  4(a)  when  the  sample  was  cooled  from  50^  to  -50°C. 
Fur  an  increase  in  the  applied  electric  field,  the  Curie  range  increases  and  the 
dielectric  constant  decreases.  Also  for  this  composition,  we  observe  that  when 
cooling  the  ."Kiniple  for  each  different  electric  bias  field,  the  dielectric  constant  drops 
abruptly.  For  an  increase  in  the  applied  electric  Field,  these  drops  occur  at  higher 
temperatures.  Shown  in  Figure  4(b)  are  results  of  measurements  made  on  0.93 
PMN-0.07  PT  at  2.0.  2.5,  3.0.  3.5  and  4.0  kV/cm  when  the  sample  was  cooled  from 
50”C  to  -  50°C.  For  an  increase  in  the  applied  electric  field,  the  Curie  temperature 
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decreases,  and  the  dielectric  constant  decreases.  Results  of  measurements  made 
on  PMN  with  1  mole  %  La  at  2.0,  5.0  and  8.0  kV/cm,  when  the  sample  is  cooled 
from  50°C  to  -  180°C  are  shown  in  Figure  4(c).  For  an  increase  in  the  electric  field 
applied  to  the  sample,  the  dielectric  constant  decreases  while  the  Curie  range 
decreases  slightly. 

In  Figure  5,  dielectric  and  pyroelectric  measurements  are  shown  for  each  of  the 
PMN-based  ceramic  cotiipositi<ins  investigated  on  a  heating  and  cooling  cycle  with 
an  external  electric  bias  field.  The  electric  bias  field  for  each  composition  was 
chosen  from  a  study  on  the  effect  of  poling  for  that  composition.  The  poling  field 
which  gave  the  maximum  pyroelectric  coefficient  was  selected.  The  dielectric  con¬ 
stant  was  measured  at  100  Hz.  Listed  in  Table  I,  for  the  three  different  compositions 
on  heating  and  cooling  are;  the  figures  of  merit  p/AC,  p/(/C)''%  and  pl{K  tan5)''^; 
the  value  of  the  sample's  Curie  range  (T,)  and  the  value  of  K  at  this  temperature; 
the  temperature  (T,,)  corresponding  to  the  maximum  pyroelectric  coefficient  and 
the  value  of  this  coefficient;  the  values  of  AC,  p  and  taiiB  at  a  measuring  temperature 
{T,„)  which  for  both  the  heating  and  cooling  cycle  is  at  least  lO^C  below  and 
5°C  away  from  T,,.  hence  the  composition  is  in  a  stable  region  of  its  ferroelectric 
phase;  and,  a  footnote,  for  the  sake  of  comparison  with  our  PMN-based  ceramics, 
to  the  values  of  p.  K  and  pl{K)''^  for  LiTaO,  and  TGS. 

From  Table  I,  we  see  that  the  figures  of  merit  {p/(K)''^)  for  0.90  PMN-0.10  PT 
and  0.93  PMN-0.07  PT,  found  at  T„,  and  their  maximum  DC  electric  bias  field, 
are  comparable  to  the  figure  of  merits  (p/(AC)''^)  for  LiTaO,  and  TGS.  two  of  the 
most  widely  used  materials  for  pyroelectric  point  detectors.  However,  we  note  that 
the  figure  of  merit  for  0.90  PMN-0. 10  PT  and  0.93  PMN-0.07  PT  can  be  superior 
to  that  of  LiTaO,  and  TGS  if  the  measuring  temperature  (T,„)  is  moved  slightly. 
In  Figure  .5(a),  for  0.‘AO  PMN-t).  10  I’T,  if  7',„  is  ~25°C  (almost  at  the  pyroelectric 
peak)  on  a  heating  cycle  with  a  1.5  kV/cm  DC  bias  field,  p  ~  23.(K)0  ^.C/nr  K.  At 
~  12.00t)  and  p/(AO''^  ~  210  jcC/m^  K.  Similarly  in  Figure  5(b).  for  0.93  PMN- 
0.07  FP.  if  T„,  ~  lO'C  (almost  at  the  pyroelectric  peak)  on  a  heating  cycle  with  a 
3.5  kV/cm  DC  bias  field,  p  ~  5000;  fiOm^  K,  K  -  14,600  and  pliKy^  ~  41 
p.C/m^  K;  while  for  a  T„,  —  ,5°C.  there  is  little  change  in  the  value  for  pl{KY'^.  p 
~  4,000  jiC/m^  K,  AC  -  10,000  and  p/fAC)''^  ~  40  K. 


SUMMARY 

A  study  of  the  temperature  dependence  of  the  pyroelectric  coefficient  at  different 
poling  fields  for  several  of  the  PMN-based  ceramic  compositions  has  allowed  us 
to  determine  an  electric  bias  field  which  when  applied  to  a  particular  composition, 
during  heating  and  cooling  cycles  of  pyroelectric  measurements,  will  give  the  max¬ 
imum  pyroelectric  coefficient.  Next,  a  study  of  the  temperature  dependence  of  the 
dielectric  constant  at  various  fields,  including  the  field  that  gave  the  maximum 
pyrtKicctric  cxK'fficicnt,  was  made  to  aid  in  the  calculations  of  the  figures  of  merit 
for  each  composition  at  a  selected  electric  bias  field.  The  figures  of  merit  are 
dependent  on  the  measuring  temperature  that  is  chosen  and  for  the  PMN-based 
ceramic  compositions  that  we  studied,  the  figures  of  merit  also  depend  on  the  DC 
electric  bias  field  applied  to  that  composition.  For  0.93  PMN-0.07  PT,  at  a  mea- 
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■*  Results  of  Putley"  (1980)  show  LiTaOj  at  25°C  to  have  a  ff  ~  47,  p  ~  0.00023  Cm-  K  and  pl{K)'‘'  -  34  n,C/m-  K.  These  results  also  show  TGS  at 
;5’C  to  have  a  /C  ~  30,  p  '  0.(X)035  C/m^  K  and  p/(  .<)■'-  ~  64  |iC/m-  K. 
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suring  temperature  of  5°C  and  a  DC  bias  field  of  3.5  kV/cm,  pl^K)''^  ~  40  p.C/m- 
K  and  yet,  for  0.90  PMN-0.10  PT,  at  a  measuring  temperature  of  ZS'C  and  a  DC 
bias  field  of  1.5  kV/cm,  pl(Ky'^  ~  210  pC/m^  K.  These  very  large  values  of  the 
figure  of  merit,  comparable  and  in  some  cases  superior  to  LiTaOj  {pl{Ky'^  ~  34 
pC/m^  K)  and  TGS  (pl^K)'''  —  64  pC/m^  K).  two  of  the  most  widely  used  materials 
for  pyroelectric  point  detectors,  suggest  some  of  these  PMN-based  ceramic  com¬ 
positions  as  promising  candidates  for  pyroelectric  point  detectors.  Chynoweth 
measurements,  used  to  determine  the  dynamic  pyroelectric  response,  are  currently 
underway  to  see  how  these  materials  function  under  more  practical  conditions. 
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Chemical  reactions  of  lead  magnesium  niobate  titanate  in  the 
presence  of  a  glass 

V.  Srikanth  and  E.  C.  Subbarao*^ 

Materials  Research  Laboratory,  The  Pentisylvania  State  University,  University  Park,  Pennsylvania  16802 
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A  relaxor  ferroelectric  of  composition  0.93Pb(Mgi/3Nb2,i)03-0.07PbTi03  was  sintered 
with  3  wt.  %  commercial  sealing  glass  at  750  ®C  for  30  min  to  achieve  ^95?c  of 
theoretical  density  and  a  nearly  pure  perovskite  phase.  At  higher  glass  additions  (up 
to  20  wt.  %),  higher  sintering  temperatures  (up  to  800  ®C),  and  longer  sintering  times 
(up  to  4  h),  the  amount  of  perovskite  (PMN  type)  decreases  and  that  of  pyrochlore 
(6PbO  •  MgO  •  3Nb20s  or  3PbO  •  2Nb20s)  increases.  On  sintering  at  800  “C  for  4  h  no 
perovskite  phase  is  present  in  compositions  with  even  1%  glass  addition.  The  reaction 
of  glass  with  the  PNW  phase  was  found  to  lead  to  the  disappearance  of  the  perovskite. 
Addition  of  0.1  to  0.6  wt.  %  MgO  to  compositions  containing  1  and  3  wt.  %  glass 
(and  balance  PMN-PT)  results  in  essentially  pure  PMN  perovskite  phase  on  sintering 
at  7(X)-800  ®C  for  30-240  min,  confirming  that  the  reaction  of  glass  with  PMN  and 
depletion  of  MgO  firom  PMN  can  be  arrested.  The  sintered  ceramics  exhibit  relaxor 
behavior  and  possess  dielectric  properties  essentially  commensurate  with  the  phase 
composition. 


I.  INTRODUCTION 

Lead  tnagnesiiiffl  niobate,  PbMgmNbjaOs  (PMN), 
is  a  typical  relaxor  ferroelectric^  in  wfaiefa  tbe  Mg^  and 
Nb^'*^  ions  are  randomly  distributed  over  the  B  sites  of 
the  ABO3  type  perovskite  lattice.  The  Curie  temperature 
of  PMN  (~  -15  ®Q  can  be  raised  to  around  25  "C  by 
forming  a  solid  solution  (0,93PMN-0.07PT)  with  lead 
titanate,  PbTiOs  (PT),  which  is  a  well-known  ordered 
ferroelectric  with  a  Curie  temperature  of  490  ®C  involv¬ 
ing  a  first  order  cubic  to  tetragonal  phase  transition.^ 
The  PMN-PT  compositions  exhibit  laiger  electrostrictive 
strains  and  dielectric  constants  than  other  perovskites 
such  as  BaTiOs^  and  lead  zirconate  titanate  ceramics.* 
However,  tbe  fiill  exploitation  of  these  materials  has  been 
hampered  due  to  tbe  occurrence  of  a  pyrochlore  phase 
with  a  low  dielectric  constant  ('^200)  during  the  syn¬ 
thesis  of  PMN  and  tbe  loss  of  PbO  at  the  high  sinter¬ 
ing  temperatures  (~1300  ®Q  required  for  achieving  the 
necessary  densification.  Tbe  prcrtilems  in  the  synthesis 
of  PMN  have  been  reviewed  by  Shiout  and  ttalliyal.^ 
The  occurrence  of  the  undesired  pyrochlore  phase  can 
be  minimized  (or  even  eliminated)  by  a  precursor  route 
in  which  MgNbjOg  of  columbite  struchue  is  formed  first, 
which  then  reacts  with  PbO  to  form  PMN,*  or  by  using 
ultrapure  starting  materials,^  or  by  adding  excess  MgO 
(2-1096).*"‘®  However,  excess  PbO  and  MgO  lead  to 
lowering  and  aging  of  dielectric  properties  of  EMN."-*^ 
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The  high  dielectric  constant  of  PMN-type  materials 
makes  them  good  candidates  as  dielectrics  for  multilayer 
capacitors.  Tbe  oinent  multilayer  c^yadtor  nunufaemr- 
ing  technology  requires  co-firing  of  the  stack  of  dielectric 
and  electrode  layers  at  a  sufficiently  low  temperature  to 
permit  the  use  of  silver-rich  or  base  metal  electrodes.  It 
is,  therefore,  important  to  lower  the  sintering  tempera¬ 
ture  of  PMN-type  materials  from  tbe  usual  950  ®C  for 
4  h  to  1300  ®C  for  0.5  b“  to  below  900  ®C.  By  using 
fine  particle  material  obtained  by  high  energy  milling, 
Papet  etfli**  have  obtained  ^95%  of  theoretical  density 
at  a  sintering  temperature  of  950-1050  °C  for  2  h  or  by 
hot  pressing  at  825-890  ®C  for  2  h. 

Tbe  sintering  temperature  of  ferroelectric  ceramics 
has  been  customarily  reduced  by  liquid  phase  sintering. 
In  the  case  of  PMN,  lead  germanate  (PbGc30ii),‘* 
excess  PbO*’'"*’  or  LiNOs^  has  been  used  as  sin¬ 
tering  aids.  Thus,  Megbeihi**  has  lowered  the  sinter¬ 
ing  temperature  of  93PMN-7PT  from  950  ®C/4  h  or 
1050  “C/0.5  h  to  a  range  of  850®  to  950  ®C  for  0.5 
to  4  b  with  lead  germanate  (1-3  wt.  %)  as  a  sinter¬ 
ing  aid  and  achieved  ^95%  of  the  theoretical  density. 
With  6%  excess  PbO,  a  density  of  90%  of  theoretical 
is  achieved  for  92.5PMN-7JPT  at  1000  ®C  for  6  h*’ 
and,  with  1-2%  excess  PbO,  Cuba  et  sintered 
92PMN-8PT  at  950  ®C  for  3  h  to  97%  of  theoretical 
density.  Addition  of  2-4  mol  %  LiNOs  to  93PMN-7PT 
produced  ~95%  of  theoretical  density  of  sintering  at 
850  ®C  for  30  min.“ 

The  purpose  of  the  present  work  is  to  lower  further 
the  sintering  temperature  of  93PMN-7PT  ceramics  to 
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800  "C  or  less  by  using  a  commercial  sealing  glass 
and  to  examine  the  development  of  phases  and  physical 
properties  of  the  resulting  ceramics. 

It.  EXPERIMENTAL 

The  93PMN-7PT  power  (Edo  Corporation,  Salt 
Lake  City,  UT)  has  the  cubic  perovsldte  type  struc¬ 
ture.  The  sintering  aid  was  a  sealing  glass  (Coming 
7555,  Coming  Glass  Works,  Coming,  NY)  with  the  fol¬ 
lowing  stated  characteristics:  composition  (wt.  %)  PbO 
(60-80),  B2O3  (10-30),  SiOj  (1-20),  AI2O3  (1-20), 
ZnO  (1-20);  density  5.7  g/cc;  thermal  expansion  co¬ 
efficient  2  X  10“’/“C;  softening  temperature  415  “C; 
dielectric  constant  13.7  at  25  ’’C  and  1  kHz.  Chemical 
analysis  indicated  this  glass  to  be  primarily  a  lead  bo¬ 
rate  with  small  quantities  of  AljOs  and  SiOi.  Four  com¬ 
positions  with  1,  3.  10,  and  20  wt.  %  glass  (the  rest  is 
PMN-FI)  were  prepared  by  in  plastic  contain¬ 

ers  with  zirconia  media  and  ethyl  alcohol  for  24  h.  The 
mixtures  were  dried  at  80  °C  for  24  h,  mixed  witii  2% 
polyvinyl  alcohol,  and  pressed  into  pellets  at  105  MPa. 
After  binder  removal  at  350  °C  for  3  h  at  550  °C  for  3  b, 
the  pellets  were  sintered  at  700°,  750°,  and  800  °C  for 
0.5  and  4  h.  The  heating  rate  was  5  °C/h  and  cooling 
rate  3  »C/h. 

The  densities  were  measured  by  the  Archimedes 
water  displacement  method  and  grain  sizes  by  scan¬ 
ning  electron  microscopy  of  fractured  surfaces.  The 
phase  identification  of  the  sintered  samples  was  by 
x-ray  diffraction  with  CuKa  radiation. 

The  dielectric  constant  and  loss  of  sintered  pellets 
with  sputtered  gold  electrodes  were  measured  on  an 
automatic  system  consisting  of  a  temperature  control 
box  (Model  2300,  Delta  Design,  Inc.,  San  Diego,  CA) 


and  an  LCR  meter  (Model  4274A  and  4275A,  Hewlett 
Packard,  Inc.,  Palo  Alto,  CA)  at  a  frequency  of  0.1,  1, 
10,  and  100  kHz  as  the  samples  were  cooled  at  the  rate 
of  2  °C/min  from  200  °C  to  -50  °C  through  the  phase 
transition. 

ill.  RESULTS  AND  DISCUSSION 
A.  Density  and  weight  loss 

The  density  and  weight  loss  of  all  sintered  sam¬ 
ples  are  summarized  in  Table  I.  As  expected,  the  density 
increases  with  sintering  temperature  (700°  to  800  °C) 
in  all  cases,  particularly  between  700  °C  and  750  °C 
[Fig.  1(a)].  Increasing  the  sintering  time  from  0.5  to 
4  h  at  a  fixed  temperature  had  a  relatively  minor  ef¬ 
fect  on  density  (Table  I),  suggesting  that  a  short  sin¬ 
tering  time  (0.5  h)  is  adequate.  Of  the  compositions 
tried,  those  with  3  wt.  %  glass  exhibited  maximum  den- 
sification  (95—97%  of  theoretical)  at  750°  and  800  °C 
(Fig.  1(b)]. 

The  weight  loss  was  ^1%  when  the  glass  content 
was  ^10%  and  sintering  temperatures  were  700°  and 
750  °C  for  30  min  (Table  I).  The  same  samples  showed 
up  to  13%  weight  loss  at  800  °C  for  30  min  and  up  to 
1.8%  when  the  sintering  time  was  increased  to  4  h  ai 
700“  to  800  “C.  The  samples  containing  20  wt.  %  glass 
exhibited  weight  losses  up  to  2%  for  sintering  times  of 
30  min  and  up  to  3.6%  for  4  h  at  700°  to  800  °C.  These 
weight  loss  values  may  be  compared  with  0.5  to  1.1% 
when  93PMN-7PT  is  sintered  in  PbO-rich  atmosphere 
at  950°  to  1250  “C  for  0.5  h‘*  and  with  1  to  15.7% 
for  compositions  in  the  PbO-MgO-I^Os  system  at 
980  °C  for  4  h  in  oxygen,  the  weight  loss  in  this  case 
increasing  with  PbO  content  at  fixed  MgO  content.^^ 


a 


2 


Weigh!  %  Glue  Teagcraiarc  C 

FIG.  1.  V^ation  of  density  (%  tbeoretieai)  with  wt.«  glass  added  (left)  at  700,  750,  and  800  “C  for  30  min  and  with  sintering  temperature 
for  30  min;  (right)  for  PMN-PT  with  1,  3,  10,  and  20  wt »  glass. 


2 


J.  MaMr.  Rm.,  VoI.  6,  No.  6,  Jun  1991 


V.  Sfitcntli  and  E.  C.  Subbarao:  Chemical  reactions  of  lead  magnesium  niooate  titanate 


TABLE  1.  Properties  of  sintered  0.93PMN-0.07PT  compositions. 


Sintering  temperature,  '’C 

700 

750 

800 

30  min 

240  min 

30  min 

240  min 

30  min 

240  min 

0  wt.%  xUan 

%  thco.  density  74.1 

78.2 

76 

81 

80.3 

84.6 

1  wt.  %  glass 

Density,  g  cm’’  6J82(6.24)[6.17] 

6.61(6.36)(6.23] 

6.981(6J5)(6.43J 

6.996(6.63)[6.47] 

7.192(6.73)[6.54] 

7.262(6.79)[6.57] 

%  tbeo.  density 

81.7(79.8)(78.6] 

86.3(8Z1){81.2) 

86.6(83.1)[81.8] 

88.9(84.3)(82.6] 

89.7(85.1)182.9] 

%  perovskite 

80 

96(100)(1001 

100(99)[1001 

100(100)(1001 

0(100)(97] 

%  wt  loss  0-6 

0.9 

0.6 

0.9 

0.7 

1.0 

3  wt.  %  glass 

Density,  g  cm~*  6.613(6.12)(5.97] 

6.882(6.18)[6.03] 

7.611(6.54)(6J2] 

7.698(6J9)(6.37] 

7.823(6.79)[6.43] 

7.861(6.85)(6.47] 

%  theo.  density  d2.4(7S».4)(7!l.o) 

85.9(80a)(79.4] 

94.4(84.8)f83.2) 

95.5{85.6)[83.9) 

96.4<88.1)[84.6] 

97.2(88.9)[85.1) 

%  perovskite  100 

75 

95(100)(1001 

95(100)[100] 

75(98)[100] 

0(97)(100] 

%  wt  loss  0.8 

0.9 

0.8 

1.0 

0.9 

1.1 

10  wt.  %  glass 

Density,  g  cm”’  6-61* 

6.682 

6.984 

6.991 

7.182 

7.168 

%  theo.  density 

85.7 

89.6 

89.7 

92.1 

91.9 

%  perovskite  00 

70 

80 

65 

50 

0 

%  wt  loss  0.9 

1.1 

1.0 

1.7 

13 

1.8 

20  wt.%  gUnn 

Density,  g  cm”’  0  *11 

6.481 

6.712 

6.819 

6.946 

6.912 

%  theo.  density  OS-* 

86.5 

89.6 

92.0 

9X7 

9X2 

%  perovsldte  *5 

35 

50 

60 

40 

0 

%  wt.  loss  1* 

Z1 

1.8 

Z4 

XO 

3.6 

0  Represents  compositions  in  which  10%  of  the  glass  is  replaced  by  MgO. 
[ }  R^rescnts  compositions  in  which  20%  of  the  glass  is  replaced  by  MgO. 


B.  PhasM 

The  x>ray  diffraction  patiens  of  the  sintered  samples 
showed  the  presence  of  a  cubic  perovsldte  type  phase 
(PMN)  or  a  pyrochlore  type  ph^  or  a  combination 
of  the  two.  The  amount  (%)  of  the  perovsldte  phase  is 
estimated  from  the  x-ray  diffraction  intensities  of  the 
(110)  line  of  perovsldte  and  that  of  the  (222)  line  of 
pyrochlore  as  follows: 

%  perovsldte  =  -= — LiiSl - y  100 

-*(110)  -*(222) 

Nearly  single  phase  perovsldte  (PMN)  was  obtained 
when  samples  with  1%  glass  were  sintered  at  700°, 
750°,  and  800  °C  for  30  min  and  those  with  3%  glass 
sintered  at  700°  and  750  °C  f'^r  30  min  (Table  !)•  Sam¬ 
ples  with  10  and  20  wt  %  glass  sintered  at  700° -800  °C 
for  30  min  and  those  with  3%  glass  sintered  at  800  °C 
for  30  min  contained  only  20-60%  perovsldte,  the  per¬ 
ovsldte  content  generally  decreasing  with  increase  of 
sintering  temperature  for  a  given  glass  addition  or  with 


increase  in  glass  addition  for  a  fixed  sintering  tempera¬ 
ture  (Table  I).  For  a  given  glass  addition  and  sintering 
temperature,  the  perovsldte  content  almost  always  de¬ 
creased  when  the  sintering  time  was  increased  from  0 J 
to  4  h  (Table  I).  At  all  the  sintering  temperatures  and 
times  employed,  the  amount  of  the  perovsldte  phase 
steadily  decreased  with  increasing  glass  addition.  A  most 
remarlmbie  feature  was  that  the  perovsldte  phase  was  ab¬ 
sent  in  all  samples  with  as  little  as  1%  glass  to  as  high 
as  20%  glass  vdien  they  were  sintered  at  800  °C  for  4  h. 
This  is  clear  from  the  x-ray  patterns  of  a  sample  with  1% 
glass  addition  sintered  at  800  °C  for  30  min  (only  PMN 
phase  is  present)  and  for  4  h  (PMN  is  absent)  as  well 
as  one  with  3%  glass  addition  under  the  same  sintering 
conditions,  where  the  perovsldte  phase  predominates  for 
0.5  h  sintering  and  is  absent  for  4  h  sintering  (Fig.  2). 
Loss  of  PbO  is  known  to  deaease  the  perovsldte  con¬ 
tent  during  the  preparation  of  PMN.  Provision  of  PbO 
atmosphere*  or  addition  of  extra  PbO  during  milling'*'^* 
maximizes  the  perovsldte  content.  When  PbO-rich  glass 
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iOOf 


(b) 


50  1 


IwtH/lOO  C/240  Min 


100 


<0 


W  M  30  M  SO  *  « 


50 


rr 

3wt%/800  C/240  Min 

s 

■ 

PM 

£  0 

*  ae 

—  W-l 

NO 

PN4 

(^1 

NO 

W  « 

rM  rj 

0 

SO 

r* 

• 

mJ 

Xuj- 

10 


20 


50 


40 


50 


RG.  2.  X*ny  dil&sctiao  paitenis  of  PMN-PT  with  (i)  1  wt  %  glaa  aad  (b)  3  wt  %  glass,  siatered  at  800  *C  Note  the  predomioance  of  the 
perovskite  phase  for  a  sintering  time  of  30  min  (top)  a^  the  abietice  of  petot^te  phase  for  a  sintering  time  of  4  b  (bottom)  for  both  compositions. 


is  used  in  the  present  work,  the  perovskite  phase  ap¬ 
pears  to  be  dest^ilized  at  very  low  (1%)  glass  additions 
and  at  relatively  low  temperatures  (800  *Q.  This  may 
be  due  to  the  gradual  depletion  of  MgO  from  the  PMN 
by  some  constituent  such  as  B2O3,  SiOj,  or  AljOs  in 
the  sealing  glass  employed.  It  is  known  that  when  PMN 
becomes  deficient  in  MgO,  a  cubic  pyrochlore  phase 
of  approximate  composition  Pbu3Mgiu»Nb].7|0«j9  or 
PbsMgNbtOs  arises.^  When  MgO  is  completely  de¬ 
pleted,  one  or  more  lead  niobate  phases  may  appear. 
Chen  and  Harmer^  have  shown  that  the  increase  of 
Nb20s  at  the  expense  of  MgO  in  the  PbO~MgO-Nb20s 
compositions  increases  the  pyrochlore  content  steadily 
until  the  perovskite  phase  totally  disappeara.  On  the  other 
hand,  the  addition  of  2-10%  excess  MgO  to  PMN-based 
ceramics  minimizes  and  even  eliminates  the  formation 
of  the  pyrochlore  phase.*"*® 

The  possible  reactions  in  the  PbO-MgO-NbjOs 
system  in  the  vicinity  of  the  PMN  phase  may  be  depicted 
as  follows: 

9(Pb(Mgi/3Nb,/305)]  - 


Pb6MgNbg022  Pb1.83Mg0  29Nb1.71O6.39) 

-I- 3PbO -I- 2MgO  (1) 

or 

9[Pb{Mgi/3Nb2/30j)]  -  3(Pb3Nba08)  -t-  3MgO 

(2) 

Pb6MgNb8022  -  3(Pb2Nb207)  +  MgO  (3) 
Pb«MgNb6022  -  3(Pbi.sNb,06.5)  +  l.SPbO  -i-MgO 

(4) 

Pb6MgNbg022  Pb5Nb40i5  +  PbO  -I-  MgNbjOe 

(5) 

Pb6MgNb6022  Pb5Nb40i5  -I-  PbNbjO*  -t-  MgO 

(6) 

These  reactions  involve  PMN  (cubic  perovskite  with  a  = 
0.4049  nm),  Pbi.g3MgojjNbi.7i06j9  or  Pb6MgNb6022 
(cubic  pyrochlore  with  a  zi  1.060  nm),°  and  five 
lead  niobate  phases  in  order  of  increasing  PbO 
content:  PbO-Nb20s  (tetragonal  and  rfaombohedral); 
3PbO  •  2Nb205  (or  Pb3Nb40i3  or  PbijNb206j),  which 


4 


J.  MaMr.  Rm..  Voi.  6.  No.  6,  Jun  1991 


V.  Srtkanm  and  E.  C.  Subbvmo:  Chemical  reactions  of  lead  magnesium  niobata  titanate 


TABLE  11.  Phases  in  sintered  samples. 


Sintering 

1%  glass 

3^  glass 

10%  glass 

20%  glass 

Temp.  (®C) 

Major 

Minor 

Major 

Minor 

Major 

Minor 

Major 

Minor 

Sintering  time:  30  min 

TOO 

PMN 

PMN 

PMN 

PsMNs 

P3N2 

PMN 

Ps.MN, 

750 

PMN 

(PMN) 

(PMN] 

Py(tr) 

PMN 

(PMN) 

(PMN) 

Py(tr) 

PMN 

P3N2 

PsMNj 

PMN 

P3N2 

800 

PMN 

(PMN) 

[PMN] 

Py(tr) 

PMN 

(PMN) 

(PMN] 

P3N2 

(Py(tt)) 

PMN 

P3N2 

P6MN3 

PsMN, 

PMN 

Sintering  time:  240  min 

700 

PMN 

PsMNs 

PMN 

PsMN, 

PMN 

P6MN3 
P3N2  (?) 

P3N2 

PMN 

PsMN, 

7S0 

PMN 

(PMN) 

(PMN] 

Py(tr) 

PMN 

(PMN) 

(PMN]* 

P«MN) 

PMN 

PsMN, 
P3N2  (?) 

PMN 

PsMN, 

800 

ill 

Unknown 

(Py(«r)] 

PsMN] 

(PMN) 

(PMN]* 

Unknown 

(Py(«r)) 

PsMNs 

PsMN, 

P  =  rtO;  M  =  MgO;  N  =  Nb70s;  Py  =  pyrocholore. 

0  Refers  to  compositions  with  10%  of  the  glass  replaced  by  MgO. 
[  1  Refers  to  Gompositkms  with  20%  of  the  glass  replaced  by  MgO. 
*  Represents  splitting  of  the  perovskite  lines. 


is  a  cubic  oxygen>deficient  pyrocblore  with  a  = 
1.056  tun);  2PbO  •  NbiOs  (or  Pb2Nb207),  which  is 
a  distorted  pyrochlore  of  moaocliuic  symmetry  with 
o  =  1.3021,  6  =  0.7483,  c  =  3.4634  nm.  and  ^  = 
125.3";  5PbO  •  2NbjOs  or  PbsNbaOu,  which  is  mono¬ 
clinic  with  a  =  1.22948,  b  =  0.7419,  c  =  3  J614  nm, 
and  0  a=  108"66;  3PbO  •  Nb203  or  Pb3Nb20g,  which 
is  a  distorted  pyrochlore  of  tetragonal  symmetry  with 
a  s  0.7536  and  c  s  1.0829  nm.  It  may  be  not^  that 
four  of  these  lead  niobates  (Pb0:Nb303  »  3:2,  2:1, 
5 : 2,  and  3 : 1)  are  cubic  or  distorted  pyrochlotes  with 
increasing  PbO  content  Thus,  any  one  or  more  of  these 
lead  niobates  may  be  formed,  depending  upon  die  avaU- 
ability  of  PbO  and  the  kinetics  of  fomution. 

In  the  present  work,  PMN  was  found  to  be 
the  predominant  (^50%)  phase  when  the  glass  addi¬ 
tion  was<10wt.%  and  sintering  temperatures  were 
700" -800  "C  for  30  min,  while  the  pyrochlore  phase 
dominates  with  a  glass  addidon  of  20  wt.  %  under  the 
same  sintering  conditions.  When  the  sintering  time  is 
increased  to  4  h,  PMN  is  the  major  phase  for  glass  ad¬ 
ditions  of  <10  wt.  %  and  sintering  temperatures  of  700 
and  750  "C  with  pyrochlore  phases  dominating  for  glass 


additions  of  <10  wt.  %  at  800  "C  and  for  glass  additions 
of  20  wt.%  at  700" -800  "C  (Table  II).  The  effect  of 
sintering  temperature  (700",  750",  and  800  °C)  and  sin¬ 
tering  time  (30  and  240  min)  on  the  gradual  disappear¬ 
ance  of  the  perovskite  phase  in  the  sample  with  3  wt.  % 
glass  addition  is  shown  in  Fig.  3.  The  presence  of  the 
pyrochlore  phase  as  the  predominant  phase  with  some 
diffraction  lines  unaccounted  for  in  all  samples  sintered 
at  800  "C  for  4  h  is  shown  in  Figs.  4,  2(b),  and  2(d).  It 
is  noteworthy  that  PbO,  MgO,  and  MgNbjOe  are  not  de¬ 
tected  in  any  of  the  samples.  Wang  and  Schulze*^’  have 
detected  M^  inside  grains  and  in  the  intergranular  re¬ 
gions  in  SEM  backscattered  images  of  PMN-5%  MgO 
samples.  No  clear  evidence  for  the  noncubic  pyrochlore 
lead  niobate  phases  is  available  in  the  x-ray  patterns. 

It  may  te  recalled  that  the  weight  loss  in  most 
cases  was  <1%  and  only  in  an  extreme  case  it  was 
3.6%.  Therefore,  the  reaction  products  must  be  as  per 
Eqs.  (l)-(6).  If  some  compounds  are  not  found,  then 
the  corresponding  reaction  products  must  be  below  the 
limit  of  detection  by  x-ray  diffraction  (~2%)  if  they  are 
crystalline  or,  alternately,  must  be  present  in  an  amor¬ 
phous  state.  Thus,  on  sintering  PMN-PT  with  <10  wt.  % 
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3iw%/7500240Ml 


3«t%/B00030Mia 


3wi%/«00  0240  Mi 


FIG.  3.  X>ray  diflhctioB  patlenis  of  PMN<PT  with  3  wl4(  giaii  sintered  at  700,  750,  and  800  *Cfior30iniaaad4b,u  Note  the 

gradnai  disappearance  of  the  penvikite  phase  with  inaeasmg  stnieriag  tempeiatnre  sad  smtering  time. 


glass  addition  at  700”  and  7S0  ”C  for  30  min,  reaction 
(1)  with  PeMNj  as  the  predominant  phase  occurs.  Under 
other  conditions  employed  in  the  present  study,  reaction 

(4)  also  takes  place  with  PjNj  as  the  major  phase.  No 
clear  x-ray  evitknce  could  be  found  for  reactions  (2),  (3), 

(5) ,  and  (6),  involving  3PbO  •  NbjOs,  5PbO  •  2NbjOs, 
2PbO  •  NbiOs,  PbO  •  Nb20s,  and  MgNbjOs  as  reac¬ 
tion  products.  The  other  reaction  products  of  Eqs.  (1) 


and  (4),  namely  PbO  and  MgO,  also  could  not  be  de¬ 
tected  in  the  x-ray  patterns.  It  is  assumed  that  these 
oxides  combine  with  the  constiments  of  sealing  glass 
(Pb0,Si02,B}03,Al203)  to  fonn  a  glassy  phase. 

The  present  study  which  involves  reaction  of 
preformed  PMN-PT  with  a  PbO-rich  glass  cannot  be 
directly  compared  with  the  earlier  studies  of  reaction 
sequence  in  the  synthesis  of  PMN  from  the  constituent 
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FIG.  4.  X-ny  diffitictioa  pattem  of  PMN>FT  witb  10  (lop)  ud  20  wt  %  glass  (bottom)  smtered 
at  800  *C  for  4  b.  Note  tbe  predowintance  of  ibe  pyrocblore  phase. 


oxides  (PbO,  MgO,  and  NbjOs).’’^  The  question  that 
can,  however,  be  asked  is:  When  1  to  6  wt  %  excess 
PbO  is  found  to  be  beneficial  in  obtaining  nearly  pure 
PMN  phase  (with  near  absence  of  the  pyrochlore  ph^), 
why  is  the  result  different  in  the  present  case  when 
1  -20  wt  %  PbO-rich  glass  is  added?  Tbe  relatively  poor 
stability  of  lead-based  perovskites  such  as  PMN  and  tbe 
greater  stability  of  the  lead-based  compounds  with  defea 
pyrochlore  structure  has  been  discus^  by  Shrout  and 
Halliyal.^  The  greater  affinity  between  PbO  and  NbjOs 
than  between  PbO  and  MgO  leads  to  easy  decomposi¬ 
tion  of  perovskite  PMN  into  cubic  pyrochlore  P6MN3  or 


P3N2,  particularly  in  tbe  presence  of  some  species  which 
can  di^lve  or  react  widi  MgO  easily,  such  as  some  of 
the  constituents  in  tbe  sealing  glass.  This  undesirable 
development  of  tbe  pyrochlore  phase  can  be  avoided 
by  using  minimal  (1-3%)  glass  addition  and  sintering 
at  750  ”0  to  adiieve  ^95%  of  theoretical  density  and 
nearly  pure  PMN  phase.  This  may  be  compared  with  a 
sintering  temperature  of  900  ”C  for  6  h  when  4-6  wt.  % 
PbO  is  used  as  a  sintering  aid  for  PMN  to  achieve  the 
same  end  product^  and  the  sintering  of  PMN-7  JPT  with 
6  wt.  %  excess  PbO  at  1(X)0  ®C  to  obtain  90%  of  theo¬ 
retical  density.’^ 
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TABLE  ni.  Selected  diSnctiaa  tines  io  sintered  sample. 


WL  % 

700  •€ 

750  "C 

800  »C 

glau 

30  min 

240  min 

30  min 

240  min 

30  min 

240  min 

Diffraction  line 

0 

0.2852 

Perovskite  (110),  nm 

1 

0.2847 

0.2851 

0.3046 

0J843 

0.3041 

0J971 

0.2852 

0.3046 

0.3062 

Peres  shite  (110),  am 
Pyrochlore  (222),  am 

3 

0.2831 

0.2839 

0.3030 

0.2854 

0.3047 

0.2851 

0J043 

0.2840 

0.3036 

0.3032 

Perovskite  (110),  am 
Pyrochlore  (222),  nm 

10 

0.2862 

0.3056 

0.2850 

0.3040 

0.2852 

0.3043 

0.2854 

OJ046 

0.2834 

0.3027 

0.3044 

0.3033 

Perovskite  (110).  nm 
Pyrochlore  (222),  nm 

20 

0.2842 

0.3032 

0.2848 

0J033 

0.2833 

0.3023 

0.2867 

0.3063 

0.2835 

0.3027 

0.3033 

Perovskite  (110),  nm 
Pyrochlore  (222),  am 

700  030  Mk 


IwlH  3wt%  I0wt%  20wt% 


90  90  90  90  O 


FIG.  S.  Portion  of  the  x-ray  diffraction  patterns  of  PMN-PT  with  (a)  1.  (b)  3,  (c)  10,  and 
(d)20wt.%  glass,  at  700  *C  for  30  min.  Note  the  shift  of  the  (110)  line  of  perovsidte 
at  ~0.28  nm  and  the  (222)  line  of  pyrochlore  at  *>-0.31  om,  with  composition. 
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for  30  min  is  illustrated  in  Fig.  6. 

Another  important  observation  during  the  present 
work  concerns  the  anomalous  variations  in  the  x-ray 
diffraction  intensities  of  the  perovskite  (110)  and  py- 
rochlore  (222)  lines  as  well  as  the  sum  of  the  inten¬ 
sity  of  these  two  lines  as  a  function  of  the  amount  of 
glass  addition,  sintering  temperature,  and  time  (Fig.  7). 
The  data  for  30  min  and  240  min  are  plotted  separately. 
There  is  a  steep  decrease  in  the  Ipm,  as  the  glass  con¬ 
tent  is  increased  from  1  to  3  wt.  %  at  700°,  7S0°,  and 
800  °C  for  30  min.  This  is  not  accompanied  by  a  cor¬ 
responding  increase  in  /p^  or  Im-  This  may  mean 
the  perovskite  PMN  significantly  reacts  with  the  seal¬ 
ing  glass  without  forming  any  new  crystalline  phase. 
There  is  only  a  small  gradual  decrease  in  /pm,  and  a 
corresponding  increase  in  7ppn  as  the  glass  content  is 
increaMd  from  3  to  20  wt  %  at  700°  and  750  °C  for 
30  min.  This  leaves  /mii  nearly  unaffected  in  these  cases. 
However,  at  800  °C  for  30  min,  there  is  an  increase 
in  /pcrev  between  3  and  10  wt.  %  glass  and  a  decrease 
between  10  and  20  wt  %  glass.  Under  the  same  con¬ 
ditions,  /ppio  increases  steeply  between  3  and  10  wt  % 
glass  and  less  steeply  between  10  and  20  wt  %  glass. 
As  a  consequence,  there  is  a  steep  increase,  followed 
by  a  slight  decrease,  in  /nm  as  the  glass  content  in- 


The  (110)  peak  of  the  perovskite  (PMN)  phase  oc¬ 
curs  at  0.2847  ±  0.0004  (a  =  0.4026)  nm  for  most  of 
the  sintered  samples,  though  values  as  low  as  0.2834 
(a  s  0.4007)  nm  and  as  high  as  0.2871  (a  =  0.4060)  nm 
have  also  teen  observed  (Table  m)  in  some  cases. 
These  variations  may  indicate  that  the  composition  of 
PMN  may  acconun^te  some  range  of  Mg/Nb  ratio 
as  well  as  excess  PbO.“  The  most  oonunon  pyro- 
chlore  phase  encountered  in  this  woric  is  Ptfl^j 
(P  =  PbO,M  =  MgO,N  =  Nb205),  which  is  cubic  with 
a  =  1.060  nm,  followed  by  P3N2  which  is  also  cubic 
with  a  slightly  smaller  cell  edge  (a  =  1.056  nm).  It  is 
therefore  difficult  to  rfiaringtiMh  between  these  two  cubic 
pyrochlores,  though  the  intensities  of  some  of  the  diffrac¬ 
tion  lines  differ  significantly.  The  lattice  parameter  and 
relative  intensities  were  the  basis  for  the  phases  indicated 
in  Table  II.  Guha  and  Anderson^  have  reported  solid  so¬ 
lution  between  the  two  cubic  pyrochlores  (P6MN3  and 
PsN}).  The  x-ray  patterns  of  samples  with  1  to  20  wt.  % 
glass  addition  sintered  at  700  °C  for  30  min,  shown  in 
Fig.  5,  clearly  demonstrate  the  shift  of  the  perovskite  and 
pyrochlore  lines  with  the  amount  of  glass  added  (see 
Table  11  also).  The  splitting  of  the  lines  corresponding 
to  the  perovskite  and  the  pyrochlore  phases  in  samples 
with  3  and  10  wt.  %  glass  addition  sintered  at  800  °C 
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creased  from  3  to  10  and  10  to  20  wt.  %,  respectively. 
Thus,  at  700®  and  750  ®C,  part  of  the  PMN  is  trans¬ 
formed  into  a  pyrochlore  phase.  At  800  ®C,  some  of  the 
amorphous  phase  which  had  already  been  formed  by  re¬ 
action  of  PMN  with  the  sealing  glass  crystallizes  as  a 
pyrochlore  phase.  The  behavior  of  Jpemv  on  sintering  for 
240  min  is  generally  similar  to  that  for  30  except 
that  /petov  =  0  for  all  compositions  sintered  at  800  ®C 
for  240  min  and  Ipyn  increases  steeply  with  increas¬ 
ing  glass  addition,  under  these  conditions.  Further,  for  a 
given  glass  addition  sintered  at  700®  to  750  ®C,  there  is  a 
general  decrease  in  /perov,  while  /py^  remains  unchanged 
or  increases  somewhat  as  the  sintering  time  is  increased 
from  30  to  240  min.  At  the  same  time,  for  all  glass  ad¬ 
ditions  sintered  at  800  ®C,  /pcmv  drops  to  zero  and  /pyn 
increases  steeply  as  the  sintering  time  is  increased  from 
30  to  240  min.  This  clearly  indicates  that  the  pyrochlore 
phase  crystallizes  from  the  amorphous  mass  at  800  ®C 
and  the  amount  of  crystallized  pyrochlore  increases  with 
time,  as  expected. 

C.  Testing  of  ttte  hypothesis 

The  above  results  clearly  indicate  that  the  sealing 
glass  employed  here  reacts  with  PMN-PT  at  as  low 
a  concentration  of  glass  as  1%  and  as  mild  sintering 
conditions  as  700  ®C/4  h  or  750  ®C/30  min  (Table  I) 
to  give  rise  to  the  undesirable  pyrochlore  phase.  This 
is  attributed  to  the  depletion  of  MgO  from  PMN  and 
possible  enriching  the  glass  in  MgO.  In  order  to  test  the 
above  hypothesis,  a  set  of  samples  were  prepared  using 
the  same  PMN-PT  and  sealing  glass  as  before,  except 
that  10  and  20  wt.  %  of  the  glass  is  replaced  by  MgO. 
The  original  compositions  with  1  and  3  wt.  %  glass  and 
the  corresponding  modified  compositions  are  given  in 
Table  IV.  Thus,  0.1  to  0.6  wt.  %  excess  MgO  was  added 
to  the  overall  batch  composition  before  calcination  and 
processed  in  the  same  manner  as  the  original  samples, 
including  sintering  at  700,  750,  and  800  ®C  for  30  and 
240  min. 

The  results  of  these  experiments  are  also  included 
in  Tables  I  and  n.  The  sintered  densities  decreased  with 
increasing  MgO  addition  under  the  same  sintering  con¬ 
ditions.  The  trend  of  densification  with  %  glass  and  sin¬ 
tering  conditions  is  the  same  with  and  without  MgO 
addition.  The  most  significant  result  is  the  ar  ab¬ 
sence  (0-3%)  cf  »he  pyrochlore  phase  whtw  0.1  to 
0.6  wt.  %  MgO  Wi.a  added  to  the  batch  compositions. 
This  is  brought  out  clearly  in  Fig.  8,  illustrating  the 
x-ray  diffraction  patterns  of  four  compositions  sintered  at 
800  ®C  for  4  h,  which  may  be  compared  with  the  x-ray 
patterns  [Figs.  2(b)  and  2(d)]  of  the  same  compositions 
without  the  MgO  addition  sintered  under  the  same  con¬ 
ditions.  This  conclusively  establishes  that  the  provision 


Weight  %  Glass 


Weight  %  Glass 


Pyrochlore  (222) 

PerovekJtc  ( 1 10) 

Totil 

700  C 

- - 

..0-- 

7J0C 

— ft— 

--a-. 

100  C 

......... 

FIG.  7.  X-ray  diffiaction  intensities  of  (110)  line  of  perovskite.  (220) 
line  of  pyrochlore,  and  the  sum  of  these  two  as  a  Unction  of  glass 
addition  at  different  sintering  temperatures  (700, 750,  and  800  “Q  for 
sintering  times  of  30  min  (top)  and  4  b  (bottom). 


of  an  alternate  source  of  MgO  prevents  the  depletion 
of  MgO  from  PMN  by  reaction  with  glass  and  thereby 
retains  the  perovskite  form  of  PMN  intact.  It  is  also  re¬ 
markable  how  little  (0.1%)  MgO  addition  is  necessary 
to  maintain  the  perovskite  PMN  phase. 

TVvo  further  observations  may  be  made  regarding  the 
x-ray  diffraction  data:  one  concerns  the  large  increase  in 
I  no  of  perovskite  when  MgO  is  added  (Fig.  9),  sug¬ 
gesting  that  the  reaction  between  PMN-PT  and  glass 
(and  consequent  decomposition  of  PMN)  is  drastically 
decreased  by  the  addition  of  MgO  into  the  batch  com¬ 
position.  The  second  observation  concerns  the  splitting 
of  the  perovskite  diffraction  lines  when  0.6  wt.  %  MgO 
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FIC.  8.  X<ray  diibaction  psttenis  of  compositions  sintered  at  800  *C  for  4  b.  (a)  99PMN>PT,  0.9  glass,  O.lMgO;  (b)  99PMN>PT,  0.8 
glass,  0.2MgO;  (c)  97PMN>PT,  2.7  glass,  0.3MgO-,  and  (d)  97PMN>PT,  2.4  glass,  0.6MgO.  Note  the  near  absence  of  pyttxdilore  phase. 
Compare  with  Rgs.  2(b)  and  2(d). 


TABLE  IV.  Originai  and  modified  compositions  (wt.  %). 


Origmal 

Modified 

(t) 

(2) 

PMN-PT 

99 

99 

99 

Glass 

I 

0.9 

0.8 

MsO 

0.1 

0.2 

PMN-PT 

97 

97 

97 

Glass 

3 

Z7 

Z4 

MgO 

OJ 

0.6 

In  (1)  and  (2),  10  a>id  20%  of  glass  is  replaced  by  MgO, 
respectively. 


is  added  to  the  batch  (Fig.  10).  The  intensity  of  the  split 
lines  (e.g.,  110)  is  nearly  half  of  that  when  no  split¬ 
ting  takes  place,  suggesting  the  possible  coexistence  of 
two  perovsldte  PMN  phases  Mrith  slightly  different  lat¬ 
tice  parameters  (and  compositions).  No  MgO  could  be 
deteaed  in  the  x-ray  patterns. 


D.  MIcroctnjcture 

The  scanning  micrographs  of  PMN-PT  samples  sin¬ 
tered  at  750  °C  for  30  min  with  1,  3,  10,  and  20  wt  % 
glass  addition  are  shown  in  Fig.  11.  The  samples  with 
1  and  3  wt.  %  glass  show  a  more  or  less  uniform,  mi- 
crostructure  with  an  average  grain  size  of  about  3  nm, 
while  the  samples  with  10  and  20  wt.  %  glass  show  a 
bimodal  distnbution  of  grain  sizes  with  the  larger  size 
(about  5  foa)  being  2~3  times  the  smaller  grains.  The  ef¬ 
fect  of  sintering  temperature  (700°  and  800  °Q  and  time 
(30  and  240  min)  on  the  microstracture  of  a  sample  with 
3  wt.  %  glass  addition,  illustrated  in  Fig.  12,  indicates 
that  the  grains  become  more  rounded  as  the  sintering 
temperature  is  increased  from  7(X)‘’  to  800  °C  for  30  min 
or  when  sintering  time  is  increased  from  30  to  240  min 
at  700  "C  and  more  particularly  at  800  °C.  In  fact,  the 
original  crystallite  shapes  seen  in  the  sample  sintered 
at  700  °C  for  30  min  are  nearly  obliterated  in  the  sam¬ 
ple  sintered  at  800  °C  for  240  min.  Raising  the  sintering 
temperature  from  700°  to  800  °C  is  more  effective  than 
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FIG.  9.  X>ray  difiractioii  iateiisity  of  (110)  of  petovskite  PMN>PT 
for  compositions  sintered  at  750  ‘C  for  30  and  2AO  min  as  a  function 
of  MgO  addition  (0, 10.  and  20%  of  glass). 


increasing  the  sintering  time  at  700  ®C  from  30  min  to 
240  min  in  rounding  the  grain  shapes.  An  enlarged  view 
of  the  sample  with  20  wt.  %  glass  addition,  sintered  at 
750  ®C  for  30  min  [shown  in  Fig.  11(d)],  displays  grains 
with  octahedral  morphology  (Fig.  13),  which  were  iden¬ 
tified  by  Chen  and  Harmei^  as  pyrochlore.  The  presence 
of  an  amorphous  or  glassy  phase  facilitates  the  develop¬ 
ment  of  the  octahedral  morphology. 

E.  Dielectric  properties 

All  the  samples,  irrespective  of  the  perovskite  con¬ 
tent,  show  relaxor  type  dielectric  behavior,  as  shown 
in  Fig.  14  for  samples  with  3  (sintered  at  700  "C  for 
30  min)  and  20  (sintered  at  750  ®C  for  30  min)  wt.  % 
glass.  The  peak  dielectric  constant  increases  with  glass 
additions  up  to  3  wt.  %  and  decreases  at  higher  glass 
contents.  This  is  clearly  related  to  the  amount  of  the  per¬ 
ovskite  phase  present,  since  both  the  pyrochlore  and  the 
amorphous  phases  have  low  dielectric  constants.  Since 
many  samples  in  the  present  smdy  were  diphasic,  no 
detailed  study  of  dielectric  properties  was  undertaken. 

IV.  CONCLUSIONS 

(1)  The  relaxor  ferroelectric  composition  0.93PMN- 
0.07^  can  be  sintered  to  >95%  of  theoretical  density 
and  with  nearly  pure  perovskite  phase  at  750® -800  ®C 
for  30  min  by  adding  3  wt.  %  of  commercial  sealing 
glass. 

(2)  The  amount  of  the  perovskite  phase  decreases 
and  that  of  the  pyrochlore  phase  increases  with  increas¬ 
ing  glass  content  (up  to  20  wt.  %),  sintering  temperature 
(up  to  800  °C),  and  time  (up  to  4  h).  The  perovskite 
phase  is  absent  in  all  samples  sintered  at  800  °C  for  4  h, 
even  with  the  addition  oM  wt.  %  glass. 

(3)  The  important  role  that  depletion  of  MgO  from 
PMN  plays  in  destabilization  of  PMN  is  clear.  The 
presence  of  a  second  phase  (crystalline  or  glassy)  which 
can  accommodate  MgO  contributes  to  the  instability 
of  PMN. 

(4)  The  addition  of  0.1  to  0.6  wt.  %  MgO  to  the 
batch  compositions  originally  containing  1  and  3  wt.  % 
glass  results  in  a  pure  perovskite  phase,  when  the  sam¬ 
ples  are  sintered  at  700-800  ®C  for  30  to  240  min. 

(5)  The  grain  size  remains  nearly  constant  at  3 

in  the  range  of  glass  addition  and  sintering  conditions 
employed.  The  microstructure  reveals  rounding  of  the 
grains  due  to  reactions  between  the  crystalline  and  glassy 
phases.  The  distinct  octahedral  morphology  of  the  py¬ 
rochlore  particles  crystallizing  from  the  liquid  phase 
is  noted. 

(6)  Relaxor  behavior  is  exhibited  by  all  the  sam¬ 
ples.  The  dielectric  constant  is  dictated  primarily  by  the 
amount  of  the  perovskite  phase. 
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FIG.  10.  Note  Che  splitting  of  the  (110)  difbactioii  line  of  perovskite  PMN>FT  compositions  witb 
0.6  wL  %  MgO,  sintered  U  750  and  800 
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FIG.  U.  Microstnictuie  of  PMN-PT  with  3  wl%  glass,  sioteied  at  700  and  800  *C  for  30  min  and  4  b. 
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20  wt  %  glass.  750  C  /  30  min 

FIG.  13.  Microstnicture  of  PMN-PT  with  20  wt.  %  glass,  sintered 
at  750  “C  for  30  min.  Same  as  in  Fig.  11(d),  but  at  a  larger 
magnification. 


TCnPERflTURE  •€ 


tn 

(A 

o 


TEMPERRTURE  C 

FIG.  14.  Dielectric  constant  and  tand  of  PMN>PT  with  (a)  3  wt.  % 
glass  sintered  at  700  *C  for  30  min  and  (b)  20  wt  %  glass  sintered  at 
750  ”C  for  30  min,  as  a  function  of  temperature  at  1, 10,  and  100  kHz. 
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LOaTisOT  Ceramics 


Paul  A.  Puierer*  and  Robert  E.  Newnham* 

Materials  Researcn  Latsoratorv.  the  Pennsylvania  State  University,  university  Park,  Pennsylvania  168C2 


La:Ti20‘>  powders  were  prepared  using  three  different  tech* 
niques.  Singie>phase  material  was  obtained  at  11S0°C  by  cal* 
cinalion  of  mixed  oxides,  at  1000*C  by  molten  salt  synthesis, 
and  at  850*C  by  evaporative  decomposition  of  solutions.  Par* 
tick  sixes  and  morphologies  of  the  powders  differed  sub* 
stantially,  as  did  the  sintered  microstructures  and  dielectric 
propertks.  Very  dense  (99%i,  translucent.  grain*aricnted 
lanthanum  litanate  was  fabricated  by  hol*forging  ai  t300*C 
under  a  200*kg  load.  Anisotropy  was  demonstrated  by  X*ray 
diffraction,  scanning  electron  microscopy,  thermal  expan* 
sion.  and  dielectric  measurements.  { Key  words:  lanthanum, 
titanates.  ferroeiectrics,  microstructure.  orientation.) 

I.  Introduction 

Lavthaslmtit,a>ate  (La:Ti;0-)  is  a  member  of  the  fam- 
il>  of  ferroeiectrics  with  a  perovskite-like  layer  structure 
(PLSi  sometimes  referred  to  as  the  strontium  pyroniobate 
family.  Single  crystals  of  lanthanum  titanate  were  found  to 
exhibit  strong  piezoelectric  and  electrooptic  effects.'  and  to 
be  ferroelectric  with  an  extremely  high  Curie  temperature 
(T,  =  1500'Ci.-  The  room-temperature  structure  of  La.Ti.-O- 
has  been  reported  to  have  two  modifications,  one  with  sym¬ 
metry  P2  and  one  with  symmetry  Phn2,‘  At  approxi¬ 
mately  780  C  the  structure  transforms  into  orthorhombic 
space  croup  Cntcl,  and  at  I500  C  it  transforms  into  the 
paraclectric  phase  with  symmetry  Cmcm^  The  various  poly¬ 
morphs  of  all  .A:B;0-  PLS  compounds  originate  from  this 
high-icmperature  prototype  structure.  It  is  characterized  by 
corner-shared  BO.  octahedra  and  12*coordinated  A  cations 
within  the  perovskitc-like  slabs,  which  arc  linked  by  A 
cations  at  their  boundaries.  The  anisotropy  of  the  structure  is 
expected  to  lead  to  anisotropy  in  dielectric  and  electrical 
properties. 

^causc  of  us  extremely  high  Curie  temperature.  La:Ti;0- 
is  a  promising  candidate  for  high-temperature  piezoelectric 
and  eicctrooptic  devices.  Lanthanum  titanate  ceramics  arc 
also  under  consideration  as  a  low  temperature  coefficient  of 
capacitance  (TCCi  material  and  as  a  microwave  frequency 
dielectric."' 

To  date.  La:Ti;0'  ceramics  have  been  fabricated  only  by 
conventional  solid-state  reaction  of  the  oxides.  ''  Coprecipiia- 
tion  has  been  used  to  prepare  powders.""'  but  sintering,  micro- 
structural.  and  property  measurements  have  not  been  carried 
out.  We  have  prepared  La;Ti;0-  powder  using  three  differ¬ 
ent  prcKcsses.  ( 1 1  conventional  calcining  and  milling  of  mixed 
oxides  (MO).  (2)  evaporative  decomposition  of  solutions 
lEDSi.  and  i3)  molten  salt  synthesis  (MSS). 

in  the  EDS  process,  a  solution  containing  the  proper  ratio 
of  metal  atoms  is  atomized  into  a  hot  reaction  furnace.  The 
product  collected  at  the  output  is  usually  a  chemically  homo¬ 
geneous.  highly  reactive  oxide  powder  of  uniform  particle 
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size  and  shape.  Many  different  <>xides  have  been  prepared 
using  EDS  or  one  of  the  related  techniques  described  in  a 
review  article  by  Sproson  and  .Messing.  ■ 

The  .MSS  process  uses  a  molten  salt  solvent  to  act  as  the 
medium  of  reaction  beiween  ihc  consiitueni  oxides.  The  de¬ 
sired  compound  will  form  if  it  is  thermodynamically  more 
stable  than  the  starting  oxides,  that  is.  if  its  solubilny  in  the 
molten  salt  is  less  than  that  ol  the  reacianis  Compared  wiih 
solid-state  reaction,  a  relatively  high  mohiliiy  oi  reacting  spe¬ 
cies  in  the  molten  salt  can  lead  to  complete  reaction  at  lower 
temperatures  and  shorter  times. 

Hot-forging  is  a  means  of  achieving  textured  metals  or  ce¬ 
ramics.  Applying  a  uniaxial  load  to  a  compact  at  high  tem¬ 
peratures  without  constricting  the  lateral  '  flow"  cun  lead  to 
densification  with  gram  growth  and  orientation  in  the  direc¬ 
tion  perpendicular  to  the  forging  axis.  Takenaka  and  Sakata 
used  this  technique  to  make  oriented  Bi.Ti-O:;  and  other  bis¬ 
muth  layer  structure  ferroeiectrics.  and  demonstrated  ihc  an¬ 
isotropy  in  electrical  and  piezoelectric  properties.  '  ' 

The  present  investigation  compares  the  morphology,  smier- 
ing  behavior,  and  sintered  microsiructures  of  the  three  differ¬ 
ent  La;Ti;0-  powders  and  rciaies  them  to  the  observed 
dielectric  properties.  Further  comparison  is  made  with  the 
anisotropy  in  hol-forged  LarToO-  ceramics. 

II.  Experimental  Procedure 
Powder  Synthesis 

lA)  Mixed  Oxide:  Reagcni-grade  (QV.UQ  purity i  La.O 
and  TiO:  in  12  mole  ratio  were  mixed  lor  4  h  in  alcohol 
using  zirconia  media.  The  slurry  was  dried  and  then  calcined 
at  1150‘C  for  .s  h  and  rcmilled  for  4  h.  Loss  on  ignition  of  the 
raw  materials  prior  to  weighing  was  required  because  of  the 
hygroscopic  behavior  of  La;0-.. 

(ff)  Evaporative  Decmn  posit  ion  of  Soliiiions:  Starting 
materials  were  reageni-gradc  TiCl.  and  La:0-..  An  aqueous 
solution  was  prepared  by  mixing  sioichiomeinc  amounts  of  a 
lanthanum  nitrate  solution,  iiianium  tetrachloride  solution, 
and  distilled  water.  The  concentration  was  0,0.'  mol  of 
La;Ti:0-  per  liter.  The  solution  was  fed  into  an  ultrasonic 
atomizer  creating  a  fine  mist  which  was  carried  through  the 
fused  silica  reaction  tube  of  the  vertical  furnace.  A  descrip¬ 
tion  of  the  EDS  system  can  be  found  in  a  previous  publica¬ 
tion."'  The  hoi  zone  of  the  furnace  was  fixed  at  uwi  C 
Samples  of  the  as-sprayed  powder  were  then  heat-treated  at 
temperatures  from  500  to  uoo  C 
tCt  Molten  Salt  Synihr\iy  Reagent-grade  La;0.  and 
TiO:  were  mixed  in  a  L2  ratio  in  deionized  water  and  zirco¬ 
nia  media.  A  .sail  of  composition  50  mol'"/  NaCl,50  mol'"/  KCI 
was  then  added,  in  most  cases  constituting  .'0  wK/  ot  the  loial 
reaction  mixture.  The  mixing  was  continued  for  1  h.  and  the 
slurry  wa.s  then  dried  at  l.'O  C.  The  dried  mass  wa>  then 
lightly  ground  with  mortar  and  pestle  and  dry  bleno^J  into  a 
granular  powder.  This  powder  was  placed  in  a  eloseo  ...amina 
crucible  and  reacted  at  temperatures  ranging  from  MMi  lo 
1500'C.  The  cooled  fused  mass  was  washed  using  disulled  wa¬ 
ter  and  centrifuge.  Washing  was  repealed  until  the  specific 
conductance  of  the  decanted  liquid  fell  below  nS.  measured 
using  a  conductance  meier.  iThe  conductance  of  deionized 
water  was  1.5  mS  i 


(2)  Ctramtc  Fabrication 

(A)  Conventional:  Ceramic  samples  were  prepared  from 
each  of  the  three  La:Ti;0-  powders  by  addition  of  2  wt*^ 
bin'^er.  pressing  l2.S-mm-diameter  pellets  at  1.38  MPa.  and 
sintering  on  zirconia  setters  for  5  h  at  various  temperatures. 

IB)  Hot-Forged  (HF):  Pellets  112.5  mml  from  the  cal¬ 
cined  and  milled  mixed  oxide  powder  were  presintered  to 
roughly  60^  of  theoretical  density.  A  uniaxial  load  of  200  kg 
was  applied  to  the  pellet  for  3  h  at  I300°C  in  a  hot-pressing 
apparatus. 

<3)  Characterization 

X-ray  diffraction  iXRD)  was  used  for  phase  identification 
of  the  various  powders.  The  La;Ti;0-  patterns  were  indexed 
to  Pbn2,  symmetry  and  used  for  lattice  parameter  calculation 
using  a  least-squares  procedure  .A  scanning  electron  micro¬ 
scope  iSEM)  was  used  for  microstructural  characterization  of 
both  powders  and  sintered  bodies.  Sintered  cross  sections 
were  prepared  for  the  SEM  by  polishing  down  to  l-Mm- 
diamond  finish,  followed  by  a  thermal  etch  at  1450  C/30  min. 
Particle  sizes  were  estimated  from  several  micrographs  taken 
at  random.  Densificution  was  determined  by  the  average  geo¬ 
metric  densities  as  a  function  of  sintering  temperature.  .A 
dilatometer  was  used  to  measure  the  thermal  expansion  of 
bar-shaped  samples  over  the  temperature  range  25'  to  lOOU  C. 
Dielectric  testing  was  carried  out  on  12-mm-diameter  disk 
samples  ground  and  polished  to  -l).5-mm  thickness  and  elec- 
troded  with  a  layer  of  sputtered  platinum  followed  by  fired-on 
platinum  paste.  .A  Q-meter  was  used  for  measurement  of  Q 
itan  8 '  I  and  capacitance  at  high  frequency.  .An  LCR  bridge 
and  oven  interfaced  with  a  computer  were  used  to  determine 
the  temperature  coefficient  of  capacitance. 

III.  Results  and  Discussion 
(I)  Phase  Development  and  Microstructure 

Calcination  at  115(VC  for  3  h  was  found  to  be  necessary  to 
obtain  single-phase  La;Ti;0-  via  the  conventional  MO  tech¬ 
nique.  By  using  the  EDS  and  MSS  processes,  we  were  able  to 
achieve  phase  pure  material  at  35i)'  and  I0(X)'C.  respectively. 
.Although  the  EDS  furnace  was  set  at  its  maximum  tempera¬ 
ture  of  'JbO'C.  the  particle  dwell  time  1-0.5  si  was  not  long 
enough  to  yield  a  highly  crystalline  oxide.  Figure  1  illustrates 
the  development  of  the  La;Ti:0-  X-ray  pattern  from  the  as- 
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Fig.  I.  \  -rav  ditfrjction  powder  patterns  ot  lanthanum  tiianaie 
prepared  h\  the  evaporative  decumposilion  of  solutions,  a-- 
spraved  and  heai-ireaied  for  h  at  various  lempcraiures 
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Fig.  2.  X-ray  diffraction  patterns  of  lanthanum  iiianaie  powder- 
prepared  by  molten  sail  solvent  synthesis  at  various  reaction  lem 
peraiures. 


sprayed  powder  upon  heat  treatment.  Figure  2  shows  the  pat¬ 
terns  from  MSS  powders  reacted  at  different  temperatures.  At 
80l)'C.  the  product  was  a  poorly  crystallized  cation-deficicnt 
perovskiie  La:-.TiOi-..  .Abe  and  Uchino"  reported  the  syn¬ 
thesis  of  this  compound  at  1350'C  in  a  controlled  CO:-H; 
atmosphere.  At  900"C  the  product  was  a  mixture  of 
La.- :TiOi.4  and  La.-Ti.O-.  and  at  lOOO'C  single-phase 
La:Ti;0-  was  obtained.  Table  I  gives  the  calculated  lattice 
parameters  along  with  the  single-crystal  values  from  the 
literature. 

The  particle  morphologies  of  the  three  types  of  LaTiiO- 
powders  were  very  different  and  are  shown  in  Fig.  3  The 
calcined  and  milled  .VIO  powder  consisted  of  hard  aggregates 
of  submicrometer,  almost  equiaxed  particles.  The  as-sprayed 
EDS  material  was  made  up  of  5-  to  25-Mm  diameter,  free- 
flowing.  smooth,  spherical  particles.  After  heating  to  9011  C. 
the  primary  crystallites  lO.I  to  0.5  txm)  making  up  the  spheri¬ 
cal  aggregates  were  apparent  (Fig.  3(d)).  The  MSS  powders 
contained  free  or  lightly  agglomerated  platelets,  the  size  of 
which  depended  on  the  reaction  temperature.  Table  II  sum¬ 
marizes  the  ciiaracteristics  of  the  lanthanum  titanate  result¬ 
ing  from  various  MSS  reaction  conditions.  Generally,  the 
higher  the  temperature,  the  larger  the  particle  size.  Platelets 
with  the  largest  aspect  ratio  i  longest  smallest  dimensioni  were 
obtained  at  1350X.  Note  that  when  a  large  amount  of  salt 
solvent  was  available  (90  wt'ri.  a  bimodal  distribution  of  par¬ 
ticle  sizes  resulted. 

Because  of  the  very  different  nature  of  the  powders,  differ¬ 
ent  sintering  behavior  was  expected.  Figure  4  is  a  plot  of  theo¬ 
retical  density  as  a  function  of  sintering  temperature.  The 
microstructures  of  the  highest-density  samples  are  shown  m 
Figure  5.  Maximum  densities  were  achieved  at  1500'C  for 
MO  and  MSS  La;Ti:0-.  and  at  1450°C  for  the  EDS  powder 
The  DS  compact  sintered  at  a  lower  temperature  because  of 
the  intimate  mixing  of  La  and  Ti  atoms  inherent  in  solution 


Table  I.  LatTI.O-  Lattice  Parameters  iPbnl,  symmetry i 
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Fig.  3.  Scanning  electron  micrographs  of  La;Ti:0-  powder  prepared  by  ui  calcined  and  milled  mixed  oxides,  ibi  molten  salt  svnthesi'  ai 
I35U'C.  ici  EDS  ias-$prayed).  and  Id)  EDS  (heated  at  90(l-Cl. 


precursor  processes.  However,  the  hollow  spherical  aggre¬ 
gates  left  pores  behind,  and  a  maximum  density  of  only 
was  realized.  Regions  of  large  and  regions  of  small  grains  in 
the  microstructure  suggest  the  occurrence  of  exaggerated 
grain  growth. 

MO  lanthanum  titanate  reached  97. 5^^  (theoretical  den¬ 
sity  =  5.782  g/cm').  Randomly  oriented,  irregularly  shaped 
grains  had  a  wide  size  distribution  from  5  to  lOU  ^m.  The 
densification  of  MSSllOO  closely  followed  that  of  the  MO 
compact  because  of  a  similar  starting  particle  size,  however, 
the  final  grain  shape  was  more  platelike  and  the  size  distribu¬ 
tion  much  narrower.  Randomly  oriented,  highly  anisometric 


particles  usually  lead  to  inefficient  packing  and  low  sintered 
density,  as  demonstrated  in  sample  .MSSl.t.^).  The  micrograph 
shows,  though,  that  some  alignment  of  the  plates  perpendicu¬ 
lar  to  the  pressing  direction  took  place.  This  was  confirmed 
by  XRD  of  the  surface.  The  degree  of  orientation  i-.  e\- 
plained  below. 

Hoi-forging  yielded  a  99*7  dense,  highly  translucent  ce¬ 
ramic  with  the  very  high  degree  of  preferred  orientation 
shown  in  Fig.  b.  The  XRD  pattern  from  the  surface  perpen¬ 
dicular  to  the  forging  direction  (Fig.  7i  shows  the  mcrca'cd 
intenstties  of  the  OitO  reflections  of  the  Phn2  modificaiH'n 
This  means  the  thin  dimension  of  the  platelets  correspond-  to 


Table  II.  Results  for  Molten  Salt  Synthesized  Powders 


Salt  solvent  i%kt‘7i 


.  C  hi 

Suriini  Loss 

prevent* 

800/3 

50 

8.3 

LT 

900/3 

50 

9.9 

LT  and  LT 

1000/3 

50 

14.5 

LT 

noo/1 

50 

14.8 

LT 

1200/24 

50 

43.5 

LT 

1300/ 1 

50 

20.2 

LT 

1350/S 

50 

48.0 

LT 

1400/5 

50 

100 

LT 

1465/5 

50 

100 

LT 

\350/5 

90 

55.0 

LT 

Vc  p^rtick  >i2< 
•  uin  • 


A'pect  rjiH* 


Agglomerates  o(  small  platelet- 
Agglomerates  of  small  platelet- 
Agglomerates  ot  small  platelets 
Agglomerates  of  small  platelets 
Well-defined  platelets 
Well-defined  platelets 
Not  well-defined,  plates  fused  together 
Bimodal  distribution 


100 


peuK  iniensKie^ 


HF 


90 


80  - 


X  70  - 


60  - 


EDS  . 


/  USSUOO 


MSSIOiO 


40  - 

1200 


1300 


UOO 


1500 


1600 


5inl*r  Temperature  (Cl 

Fi*.  4.  Perceni  of  theoretical  Jeniiity  vs  sintering  temperature  for 
conventionally  sintered  La:Ti;0-  powder  produced  by  mixed  ox¬ 
ides.  evaporative  decomposition  ot  solutions,  and  molten  salt  syn¬ 
thesis;  and  the  hoi-forged  compact. 

the  large  f>-axis  (perpendicular  to  the  perovskite  slabs  in  the 
structure),  consistent  with  the  general  finding  that  the  habit 
of  the  crystal  corresponds  to  the  reciprocal  lattice  of  the 
structure.  The  degree  of  orientation  can  be  quantified  by  cal¬ 
culation  of  the  Lotecrine  orientation  factor,  f.  from  XRD 


f  =  ip  -  p„)/(l 

where 


p,) 


—  ^ 


over  a  certain  range  of  29  values. p*.  =  P  for  an  unorienicd 
sample.  Thus  /  increases  from  0.0  for  a  randomly  oriented 
sample  to  1.0  for  perfect  alignment.  For  the  tiot-forged 
La;Ti;0-/  =  0.79.  while  for  the  MSS1350  sintered  saniple 
f  =  0.25. 

1 2)  Dielectric  Sfeasurements 
Table  til  lists  the  dielectric  data  measured  at  100  kHz  tor 
the  various  types  of  lanthanum  titanate  ceramics.  Figure  ' 
shows  the  frequency  dependence  of  the  dielectric  quality  uc- 
tor.  Q  The  dielectric  permittivities,  e..  remained  constant  up 
to  50  MHz.  within  the  error  of  measurement.  MO  lanthanum 
titanate  ceramics  had  higher  permittivity  i-iS  Si  than  ihc  pre¬ 
viously  reported  value  of  44  iRef.  ").  The  Q  remained  high 
iSiXJO)  up  to  2  MHz.  but  then  dropped  off  rapidly  to  2ni  .a 
50  MHz.  The  EDS  sample  had  high  dielectric  loss  wnh  even 
greater  frequency  dependence,  possibly  caused  by  void',  pov'r 
densification.  and  the  presence  of  a  reduced  state  of  titanium. 
Ti  ".  The  EDS  ceramics  were  yellower  when  compared  U'  the 
off-white  color  of  the  other  La;Ti;0-  samples.  The  mixed 
valence  state  Ti'‘-Ti  '  could  lead  to  an  electron-hopping 
mechanism  of  conduction  and  higher  losses.  The  reason  tor 
the  possible  mixed  valency  is  not  clear. 


Fig.  S.  Scanning  electron  micrographs  ot  viniered  Lj:Ti:0- ceramies  i 


MO  ibi  EDS.  ici  MSS  at  IIDO'C.  and  idi  MSS  at  l.'yii  C 
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Fig.  6.  The  cross  section  of  La;Ti;0-  hoi-foreed  at 
I3(IU'C'200  kg/?  h.  The  forging  axis  was  in  the  vertical  direction 
vbiih  respect  to  the  micrographT 


by  the  crystallographic  axes  a  and  c.  c  =  54.1  The  corre¬ 
sponding  single-crystal  values  are  t.  =  52  and  e.  -  62.  \c  i> 
the  polar  direction.)  The  Q  of  the  very  dense  hot-forged 
samples  exhibited  the  least  frequency  dependence,  especially 
with  £  applied  perpendicular  to  FA. 

Table  III  also  lists  important  temperature  dependence 
parameters.  A  low  temperature  coefficient  of  capacitance 
(TCC)  is  necessary  for  stable  capacitors.  The  capacitances  at 
100  kHz  varied  approximately  linearly  over  the  temperature 
range  0‘  to  230‘C.  The  TCC  of  .MO  La;Ti;0-  was  41  ppm.  'C 
This  is  in  good  agreement  with  30  ppm/°C  at  1  MHz  from 
-40"  to  2H)''C.  reported  by  Marzullo  and  Bunting  '  The  TCC 
of  hot-forged  La:Ti:0-  was  found  to  be  very  direction  depend¬ 
ent:  -188  ppm/"C  parallel  to  FA.  and  -14  ppm/'C  perpen¬ 
dicular  to  FA.  MSSS1350.  with  a  more  random  arrangement 
of  similar  size  platelets,  had  a  TCC  between  these  two  value- 
Thermal  expansion  was  nearly  constant  from  25'  to 
1000"C.  For  dense,  randomly  oriented  La;Ti;0-.  TCE  = 
11.3  ppm/"C.  The  TCE  was  lower  parallel  to  the  f>-a\i> 
(9.8  ppm/'Ci  than  perpendicular  to  h  (l.?.T  ppm.  Ci 

A  low  temperature  cocfficicni  of  resonant  frequency  is  de¬ 
sirable  for  microwave  dielectric  resonators  ( TC  <  .?  ppm 
"C).‘  TCi  is  calculated  from  TCC  and  TCE. 


TC,  =  --^(TCC  4-  TCE) 

on  ■  *: 

aii>oi-f<H|<a  This  value  is  effectively  zero  for  the  hot-forged  sample  w  ith  £ 

lioo'C.'zooki  ■  «  and  A/  perpendicular  to  the  F.A. 
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Fig.  7.  \-ra>  diffraction  pattern  from  the  polished  surface  ol 

La-Ti'O-  ceramic  tai  hot-forged  and  (b)  MSS1.?S(I  sintered  at 
IMIOC 

MSSIKH).  with  small  and  uniform  grain  size  and  dense 
microstructure,  had  a  high  Q  over  the  frequency  range  of  the 
meter  The  rather  low  dielectric  constant  of  MSS1350  is  a  con¬ 
sequence  of  a  low  sintered  density  (92.4<r)  and  some  degree 
of  grain  alignment. 

the  anisotropy  in  dielectric  constant  is  clear  from  measure¬ 
ments  of  the  hot-forged  sample.  With  the  electric  field.  £. 
applied  parallel  to  the  forging  axis  (FA),  e  =  42.5.  in  good 
agreement  with  the  single-crystal  value  t„  =  42.  With  £  ap¬ 
plied  perpendicular  to  FA.  and  thus  along  the  plane  defined 


IV.  Conclusions 

For  the  first  time.  La.-TirO-  ceramics  have  been  prepared 
by  evaporative  decomposition  of  solutions,  molten  salt  syn¬ 
thesis.  and  hot-forging.  The  powder  morphologies,  ceramic 
microstructures,  and  dielectric  properties  were  compared  to 
conventional  ceramics  sintered  from  calcined  and  milled  ox¬ 
ides  Single-phase  La:Ti;0-  powders  were  synthesized  by 
heal  treatment  of  EDS  powders  at  d50°C.  and  by  reaction  oi 
oxides  in  a  molten  salt  at  lOOO  C.  EDS  powders  were  spheri¬ 
cal  agglomerates  of  submicrometer  crystallites  and  were  very 
reactive,  bui  resulted  in  a  sintered  ceramic  with  poor  micro¬ 
structure.  significant  porosity,  and  high  dielectric  loss. 
The  MSS  process  yielded  well-defined  platelets.  The  size  of 
these  platelets  could  easily  be  controlled  by  selection  of  the 
reaction  temperature  and  time.  A  high-density.  unifor- 
microstructure,  low-loss  ceramic  was  made  with  MSS  pow¬ 
ders  reacted  at  IKXTC  T?pc  casting  of  these  MSS  powders 
could  be  used  for  grain  orientation. 

High-dcnsiiy  lanthanum  titanate  ceramic  with  high  degree 
of  preferred  orientation  was  fabricated  using  a  hoi-forginc 
method.  The  samples  showed  anisotropy  m  dielectric 
constant.  TCC.  and  thermal  expansion,  and  an  improved  tre- 
quency  dependence  of  Q  over  conventionally  prepared 
ceramic  Since  Nd.-Ti.-O-  and  La.Ti.-O-  are  used  as  maior 
components  in  high-A  microwave  dielectric  formulations.  • 
this  information  concerning  the  anisotropy  in  properties 
could  be  used  to  funher  improve  the  loss  and  temperature 
dependence  characteristics  of  ceramic  dielectric  resonators 
We  are  presently  carrying  out  a  study  of  hot-forged  La.-Ti.O- 


Table  III.  lOO>kHz  Dielectric  Data  and  Thermal  Dependence  for  La-Ti^O-  Ceramics 


♦  ST 

*ppm 

TCE,:5-l(X«)C, 
ippm/C  1 

TC 

1  ppm  C ' 

MO 

48.8 

5300 

41 

11.3 

-26 

EDS 

45.9 

900 

147 

9.9 

-78 

.MSSIKIO 

46.5 

4750 

58 

11.3 

-34 

MSS  1350 

-W.O 

3500 

I- 

10.9 

-44 

HF(E  FA) 

42.5 

2950 

188 

9.8* 

-99 

HF(E.  FAi 

54  1 

2600 

-14 

!.■* 
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4  fX  4.  .FA 
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£08 
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Fir  8.  Dielectric  quality  factor.  Q.  as  a  function  of  frequenc\  for 
Jiifereni  LaiTiiO*  ceramics. 


and  other  compounds  in  the  PLS  family  for  use  in  high- 
tcmperature  piezoelectric  and  electrooptic  devices. 
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PbTi03  was  prepared  by  coprecipitation  and  calcination  from  mixed  solutions  of  TiCl4  and 
Pb(N03)2-  The  effect  of  pH  in  the  precipitation  solution  on  the  properties  of  calcined  pow¬ 
ders  was  studied  by  calcining  coprecipitated  precursor  powders  prepared  at  pH  values  be¬ 
tween  8.00  and  10.50.  The  effects  of  HjOj  were  studied  by  preparing  PbTi03  powders  from 
mixed  solutions  containing  H202;PbTi03  ratios  between  0:1  and  6:1.  Synthesis  of  phase 
pure  PbTi03  by  coprecipitation  and  calcination  is  highly  dependent  upon  the  complex  ionic 
equilibria  dictated  by  the  pH.  The  pH  used  for  precipitation  determines  the  types  of  crystalline 
phases  formed  from  coprecipitated  precursor  powders.  The  rate  at  which  amorphous  precipit¬ 
ates  transform  to  crystalline  PbTi03  during  calcination  is  also  affected  by  both  the  pH  and 
H2O2  additions.  High  purity  (greater  than  98%)  PbTi03  with  a  rapid  amorphous-to-crystalline 
transformation  rate  was  obtained  for  H202:PbTi03  =  1.1 :1,  and  pH  =  9.65  to  9.75. 


1.  Introduction 

The  formation  of  crystalline  PbTiOj  from  copre¬ 
cipitated  precursor  powders  followed  by  calcination  is 
dependent  upon  the  species  contained  in  the 
precursor.  In  part  I  of  this  study  [1]  the  properties  of 
the  precipitated  precursor  powders  prepared  from 
Pb(N03)2  and  TiCU  solutions  were  presented.  This 
paper  presents  the  powder  properties  after  calcination 
of  the  coprecipitated  powders  prepared  in  part  I  and 
discusses  how  the  properties  of  the  precursor  powders 
are  related  to  the  properties  of  the  calcined  powders. 
Since  pH,  speciation,  and  concentration  of  species 
influence  the  properties  of  precursor  powders,  the 
effects  of  these  variables  upon  the  calcined  materials 
will  be  discussed. 


2.  Procedure  for  PbTi03  preparation  and 
powder  characterization 

Two  sets  of  coprecipitated  powders  were  prepared 
from  stock  solutions  of  Pb(N03)]  and  TiCU  3s  de¬ 
scribed  in  the  first  part  of  this  study  [1].  The  first  set  of 
powders  was  prepared  with  an  HjOj.  PbTiOj  ratio  of 
1.1:1  but  the  five  powders  were  prepared  over  differ¬ 
ent  pH  ranges  of  8.00  to  8.20, 8.50  to  8.65,  8.90  to  9. 1 5, 
9.65  to  9.75,  and  10.15  to  10.30.  The  second  set  of 
precipitated  powders  was  prepared  at  a  constant  pH 
of  9.90  to  10.05  with  the  five  powders  in  the  set 
composed  of  H  jOj :  PbTiOj  ratios  of  0 : 1 , 0.5 : 1 , 1 . 1 : 1, 
2:1,  and  6:1.  3g  samples  of  each  resulting  powder 

*  Santag  Pad  V  diffractometer.  Santa  Clara.  California.  USA. 
t  Quantachrome  monosorb.  model  MS- 1 2.  Syosseu  New  York,  USA. 


were  fired  in  covered  alumina  crucibles  at  600  C  with 
a  5  h  hold  time.  The  samples  were  heated  and  cooled 
at  5 'C min'*. 

All  calcined  powders  were  analysed  by  X-ray 
diffraction*  using  CuXa  radiation  at  a  scan  rate 
of  r 20 min'*.  Integrated  peak  intensities  were  ob¬ 
tained  at  a  scan  rate  of  0.1° 20 min'*  with  a  copre¬ 
cipitated  PbTiOs  powder  (pH  =  9.90  to  10.05, 
H20j:PbTi03  =  1.1:1,  calcined  at  800°C  for  262h) 
used  as  an  external,  fully  crystallized  standard.  All 
samples  were  prepared  as  back  loaded  packed  powder 
specimens.  The  specific  surface  areas  of  the  calcined 
powders  were  obtained  by  a  nitrogen  adsorption 
technique.^ 


3.  Results  and  discussion 
3.1 .  Effects  of  pH  on  properties  of  calcined 
precipitates 

Table  I  lists  the  crystalline  phases  within  each  of  the 
calcined  powders  as  determined  by  X-ray  diffraction. 
X-ray  diffraction  patterns  of  the  first  set  of  powders 
prepared  at  constant  H202:PbTi03  ratio  1.1:1  and 
various  pH  conditions  exhibit  formation  of  PbTiOj, 
but  a  low  intensity  unidentified  peak  is  observed  at 
d  =  0.294  nm  (see  Fig.  1 ).  The  intensity  of  the  uni¬ 
dentified  peak  increases  with  decreasing  pH  values 
below  9.00.  The  pH  value  at  which  the  intensity  of  the 
extraneous  peak  begins  to  increase  corresponds  to  the 
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TABLE  I  Phases  formed  under  vanous  pH  and  H  jOj  concenira- 
lions 


pH 

H,0,:  PbTiOj 

Phases 

8.00-8.20 

1.1 

1 

PbTiOj  -1-  unknown  (4%) 

8.50-8.65 

1.1 

1 

PbTiOj  ■¥  unknown 

8.90-9.15 

1.1 

1 

PbTiOj  -I-  unknown  )  <  2%) 

9.65-9,75 

1.1 

1 

PbTiOj  +  unknown  (  <  2%) 

9.90-10.05 

1.1 

1 

PbTiOj  +  unknown  I  <  2*/«( 

10.15-10.30 

1.1 

1 

PbTiOj  +  unknown  (  <  2%) 

9.90-10.05 

0 

1 

PbTiOj  -f  unknown  (  <  2%) 

9.90-10.05 

0.5 

1 

PbTiOj  +  unknown  (  <  2*/«i 

9.90-10.05 

2 

1 

PbTiOj  4-  unknown  (  <  2%) 

9.90-10.05 

6 

1 

PbTiOj  +  unknown  (  <  2%l 

pH  for  the  solubility  minimum  and  speciatioi)  change 
for  the  lead  system. 

Since  the  intensity  of  the  unidentified  diffraction 
peak  does  not  increase  at  pH  values  above  9.00.  it  is 
likely  that  the  formation  of  the  second  phase,  causing 
the  appearance  of  the  diffraction  peak,  is  not  con¬ 
trolled  merely  by  solubility  of  the  lead.  Also,  if  solubil¬ 
ity  did  control  the  formation  of  the  unidentified  phase, 
aqueous  lead  or  titanium  species  should  have  been 
observed  in  the  filtrate  of  the  precipitates.  It  was  stated 
in  part  I  that  less  than  I  x  10'’  mol'*  of  lead  and 
titanium  species  were  observed  in  the  filtrate  solutions 
[1].  Change  in  the  speciation  of  the  lead  from  HPbOJ 
and  other  complex  lead  hydroxo  ions  to  Pb^  *  below 
pH  =9  .34  correlates  with  the  appearance  of  the  sec¬ 
ond  phase.  A  study  surveying  a  wider  pH  range  than 
the  present  study  is  required  to  determine  conclusively 
whether  solubility  of  Che  lead  species,  change  in  the 


lead  speciation,  or  a  combination  of  these  phenomena 
is  responsible  for  the  appearance  of  the  second  phase. 

The  specific  surface  area  is  plotted  against  pH  for 
the  calcined  powders  in  Fig.  2.  There  is  negligible 
change  in  the  specific  surface  area  with  increasing  pH, 
indicating  that  the  calcined  powders  consist  of  par¬ 
ticles  of  the  same  size,  assuming  similar  morphologies 
for  all  particles.  The  ultimate  particle  size  of  the 
calcined  powders  is  apparently  independent  of  the 
specific  surface  area  and  particle  size  of  the  as- 
precipitated  powders  shown  in  part  1.  Fig.  5  [  I  ]. 

Fig.  3  shows  the  concentration  of  crystalline 
PbTiOj  as  a  function  of  pH  for  the  calcined  powders. 
Only  the  calcined  powder  prepared  at  pH  =  9.65  to 
9.75  exhibits  100%  crystalline  PbTiOs.  The  precise 
maximum  in  the  curve  may  occur  anywhere  between 
pH  =  9.2  to  9.7.  Again,  the  solubility  minimum  for  the 
lead  species  corresponds  with  this  finding.  The  fact 
that  Fig.  3  exhibits  an  inverse  relation  to  the  solubility 
against  pH  curve  for  the  lead  system  strongly  suggests 
that  the  formation  of  crystalline  PbTiOj  is  controlled 
by  the  solubility  of  the  lead  species. 

The  effect  of  pH  upon  the  quantities  of  crystalline 
PbTiOj  within  the  calcined  powders  cannot  entirely 
be  attributed  to  changes  in  rates  of  transformation 
from  the  amorphous  to  the  crystalline  state.  As  noted 
in  Table  I  and  Fig.  I  a  small  quantity  of  second  phase 
was  observed  in  the  X-ray  diffraction  patterns.  The 
increased  quantity  of  unidentified  second  phase  with 
pH  values  below  9.00  will  correspondingly  decrease 
the  fraction  of  PbTiOj  present  in  the  powder  speci¬ 
mens.  If  it  is  assumed  that  all  the  calcined  powders 
consist  of  crystalline  PbTiOj  and  the  unidentified 
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Figure  I  X-ray  diffraclion  paliems  of  calcined  powders  (600  C  for  5  h)  precipiialed  al  vanous  pH  condilions.  PbTiO  j  is  ihe  primary  phase 
bul  an  unidentified  peak  is  found  at  d  ==  0.294  hm  marked  by  (?). 
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Figure  3  ERects  of  precipitation  pH  upon  the  specific  surface  area  of 
calcined  powders  <600  C  for  S  h). 


pH 

Figure  }  Effects  of  precipitation  pH  upon  the  concentration  of 
crysulUne  PbTiOj  in  the  calcined  powders  (600 '’C  for  Sh). 

second  phase,  then  formation  of  the  second  phase 
would  appear  to  be  controlled  by  the  solubility  of  the 
lead  species.  As  stated  previously,  however,  a  study 
covering  a  wider  pH  range  is  needed  to  determine 
whether  the  formation  of  the  unidentified  phase  is 
controlled  by  lead  solubility,  changes  in  speciation  of 
the  lead,  or  a  combination  of  these  phenomena.  Both 
the  transformation  rate  of  the  amorphous  powder  and 
the  formation  of  the  second  phase  are  likely  to  con¬ 
tribute  to  the  pH  dependency  of  the  quantity  of 
crystalline  PbTiOj  observed  in  calcined  powders. 


3.2.  Effects  of  H2O2  upon  properties  of 
calcined  precipitates 

All  X-ray  diffraction  patterns  of  the  calcined  powders 
from  set  two,  with  increasing  H202:PbTi03  ratios, 
exhibited  primarily  PbTi03  peaks  with  less  than  2% 
by  weight  unidentified  second  phase.  This  finding 
indicates  that  H2O2  additions  do  not  affect  the 


crystalline  phases  present  in  the  calcined  powders. 
Although  the  type  of  crystalline  phases  formed  from 
the  precipitates  is  not  influenced  by  the  HjOj  addi¬ 
tions,  the  widths  and  intensities  of  the  diffraction 
peaks  change  with  increasing  HjOj  concentration  (see 
Fig.  4). 

The  change  in  specific  surface  area  of  the  calcined 
powder  as  a  function  of  H2O2  concentration  during 
precipitation  is  shown  in  Fig.  5.  There  is  a  minimum  in 
the  specific  surface  area  at  an  H202:PbTi03  ratio 
1.1:1.  The  as-precipitated  powders  described  in  the 
first  part  of  the  study  [1]  exhibited  a  maximum  in  the 
specific  surface  area  at  H202:PbTi03  =  1.1:1.  The 
powders  with  the  highest  specific  surface  areas  before 
calcination  have  the  lowest  specific  surface  areas  after 
calcination.  Therefore,  the  powder  prepared  with 
H202:PbTi03  =  1.1:1  exhibits  the  highest  growth  rate 
during  calcination  which  is  consistent  with  the  large 
surface  area  of  the  precipitate  prior  to  calcination. 

In  Fig.  6.  the  X-ray  diffraction  integrated  1 1 1  peak 
intensities  were  used  to  determine  the  concentration  of 
crystalline  PbTi03  relative  to  an  external  PbTi03 
standard.  The  concentration  of  PbTi03  displays  a 
maximum  as  a  function  of  increasing  H2O2  concen¬ 
tration.  The  results  indicate  that  the  powder  prepared 
with  H202:PbTi03  =  1.1:1  contains  the  highest  con¬ 
centration  of  crystalline  PbTi03  and  therefore  trans¬ 
forms  from  the  amorphous  to  the  crystalline  state  at 
the  fastest  rate.  Comparison  of  the  data  in  Figs  5  and  6 
supports  the  contention  that  the  precipitate  prepared 
with  H202:PbTi03=  1.1:1  has  the  highest  nucle- 
ation  and  growth  rate  during  transformation  from  the 
amorphous  to  the  crystalline  state. 

The  reason  why  H2O2  affects  the  nucleation  and 
growth  rate  of  crystalline  PbTi03  during  trans¬ 
formation  from  the  amorphous  precipitates  may  be 
due  to  several  factors.  First,  since  the  free  energy  for 
the  transformation  to  the  crystalline  state  is  partly 
dependent  upon  the  reduction  of  surface  area  [2.  3], 
the  amorphous  powders  exhibiting  the  highest  specific 
surface  area  will  have  the  largest  driving  force  for 
transformation.  Therefore,  the  effect  of  H2O2  upon 
the  nucleation  and  growth  rates  may  only  be  an 
artifact  due  to  the  influence  of  H2O2  on  the  specific 
surface  area  of  the  precipitated  powders.  Evidence  for 
this  is  given  by  the  correlation  between  the  maximum 
in  the  specific  surface  area  plotted  against 
H202:PbTi03  for  the  as-precipitated  powders  (see 
Part  I,  Fig.  3)  [1],  and  the  maximum  for  concentration 
of  PbTi03  against  H202:PbTi03  (Fig.  6).  This  cor¬ 
relation  in  maxima  suggests  that  the  powder  prepared 
at  H202:PbTi03  =  1.1:1  exhibits  the  highest 
amorphous  to  crystalline  transformation  rate  because 
it  exhibits  the  highest  specific  surface  area,  and  there¬ 
fore.  the  highest  surface  free  energy  change  upon 
transformation  and  growth. 

Another  reason  why  H2O2  influences  the  nucle¬ 
ation  and  growth  rates  of  the  crystalline  PbTiOj  may 
be  due  to  the  effect  that  H2O2  has  on  the  anionic 
species  present  in  the  precipitates.  As  found  in  Part 
[I],  carbonates  are  formed  when  no  H2O2  is  added  to 
the  system,  and  changes  in  structural  water  content 
may  occur  at  high  H2O2  concentrations.  Therefore, 
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Figure  4  X-ray  diffraction  patterns  for  calcined  precipitates  l600  C  for  5h)  prepared  with  increasing  H,0;  concentration.  Pure  PbTiOj  is 
observed  for  each  of  the  powders. 


Figure  S  Specific  surface  area  of  caianed  precipitates  (600  X  for 
5  hi  with  increasing  HjOj  concentration. 


the  pronounced  eflect  that  H2O2  has  upon  the  trans- 
forniation  of  the  amorphous  precipitates  to  crystalline 
PbTiOy  is  most  likely  due  to  a  combination  of  the 
effects  that  H2O2  has  on  both  the  specific  surface  area 
of  the  precipitates  and  the  anionic  species  contained  in 
the  precipitates. 

4.  Conclusions 

Formation  of  crystalline  PbTi03  in  powders  prepared 
by  the  coprecipitation-calcination  process  is  found  to 
be  highly  dependent  upon  the  solubility  and  speci- 


H^O^:  PbTiOj  ratio 

Figure  6  Effects  of  H2O2  concentration  upon  concentration  of 
crystalline  PbTiOj  in  calcined  precipitates  (6(X)  C  for  5h). 

ation  of  lead  and  titanium  and  their  chemical  derivat¬ 
ives.  Both  solubility  and  speciation  are  dependent 
upon  concentration  and  pH,  and  therefore,  both  con¬ 
centration  and  pH  will  affect  the  phases  formed  dur¬ 
ing  the  precipitation-calcination  process.  The  final 
crystalline  phases  are  not  affected  by  H2O2  additions. 
Pure  PbTiOj  is  not  obtainable  at  pH  below  9.00 
because  of  the  appearance  of  a  persistent  second 
phase.  Above  pH  9.00  greater  than  98%  by  weight 
pure  PbTiOj  is  formed  but  the  rate  at  which  the 
amorphous  precipitates  transform  to  crystalline 
PbTiO)  exhibits  a  maximum  as  a  function  of  both  pH 


1190 


and  HjOt  concentration.  The  maximum  trans¬ 
formation  rate  from  amorphous  precipitates  to  greater 
than  98%  pure  crystalline  PbTiOj  is  with 
H20j:PbTi0j  =  1.1:1  and  pH  =  9.65  to  9.75. 
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The  hydrothermal  crystallization  kinetics  for  the  perovskite  PbTiOj  have  been  investigated  under  autogenous  conditions  at 
temperatures  in  the  range  of  225-25U°C  and  feedstock  concentrations  of  O.I-l.O  M.  At  these  temperatures,  crystalline  perovskite 
particles  were  obtained  in  approximately  4-7  h.  Transmission  electron  microscopy  ITEM)  of  the  product  oxides  showed  nanometer 
sized  crystallites  with  an  elongated  morphology.  The  crystallization  kinetics  were  monitored  using  X-ray  powder  diffraction  on 
samples  extracted  from  the  reaction  mixture  at  various  times.  The  crystallization  rate  data  were  analyzed  according  to  a  generalized 
solid-state  kinetic  treatment  which,  along  with  microstructural  evidence,  suggest  that  the  PbTiOj  formation  reaction  proceeds  via  a 
dissolulion-recrystallization  mechanism.  It  is  proposed  that  the  precursor  amorphous  hydrous  oxides  of  lead  and  titanium  dissolve 
and  recrystallize  to  form  the  perovskite  phase.  The  relative  rates  of  dissolution  and  recrystallization  were  found  to  be  strongly 
temperature  dependent  within  the  range  examined.  At  all  temperatures,  the  recrystallization  kinetics  appeared  to  obey  a 
zero-order  rale  law.  An  apparent  activation  energy  of  7.2  kcal/mol  was  estimated  for  the  hydrothermal  PbTiOj  formation  reaction. 


I.  Introduction 

Hydrothermal  particle  synthesis  involves  the 
treatment  of  aqueous  solutions  or  suspensions  of 
precursor  particles  at  elevated  temperatures  and 
pressures.  The  reactions  occurring  in  hydrother- 
mally  treated  solutions  of  inorganic  compounds 
can  produce  fine,  high  purity,  and  homogeneous 
particles  of  single  and  multicomponent  metal  ox¬ 
ides  under  the  appropriate  conditions  [1-8],  Fur¬ 
thermore,  particle  sizes  from  nanometer  to  cen¬ 
timeter  ranges  can  be  synthesized  depending  on 
the  configuration  of  the  hydrothermal  equipment. 
However,  the  reaction  sequences  in  hydrothermal 
systems  are  complex,  and  at  the  present  time 
there  is  scant  information  regarding  the  reaction 
kinetics  and  underlying  mechanisms  (9],  Hy¬ 
drothermal  reactions  are  analogous  to  solid-state 

'  Currently  with  IBM  Fishkill,  Hopewell  Junction,  New  York 
12533.  USA. 

-  Currently  with  Material  Science  and  Engineering.  Univer¬ 
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reactions,  but  with  correspondingly  enhanced  dif¬ 
fusion  rates  [9],  The  reaction  mechanisms  and 
sequences  that  can  lead  to  crystalline  particle 
formation  therefore  include  dissolution  or  trans¬ 
formation  of  any  solid  precursor  phase(s),  diffu¬ 
sion  in  solution,  adsorption  at  the  solid-liquid 
interface,  surface  diffusion,  incorporation  of  so¬ 
lute  material  into  the  lattice,  and  crystal  growth 
steps  [8-12],  Unfortunately,  the  relatively  high 
temperatures  and  pressures  for  hydrothermal 
syntheses  (e.g.,  100-500®C  and  0.1-14  MPa,  re¬ 
spectively)  prohibit  in  most  cases  the  use  of  in-situ 
systems  to  monitor  the  course  of  the  reactions 
leading  to  product  particle  formation.  (Conse¬ 
quently,  meaningful  data  relating  to  particle  for¬ 
mation  can  at  present  often  be  obtained  only  by 
studying  the  solid-state  nature  of  the  reaction. 

In  the  present  work,  we  have  evaluated  the 
hydrothermal  formation  of  the  binary  lead  tita¬ 
nium  oxide,  PbTi03.  The  solution  speciation  and 
phase  equilibria  for  this  relatively  complex,  but 
technologically  important,  system  have  not  been 
studied.  However,  there  have  been  several  studies 
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verifying  that  lead  titanate  is  the  stable  com¬ 
pound  under  a  wide  range  of  hydrothermal  reac¬ 
tion  temperatures  and  pressures  [2-8].  Further¬ 
more,  studies  that  preceded  the  work  currently 
being  reported  have  demonstrated  that  a  range 
from  pH  9  to  pH  10  is  suitable  to  produce  stoi¬ 
chiometric  PbTiO,  with  the  perovskite  crystal 
structure  [6].  The  objective  of  this  study  was  to 
obtain  kinetic  data  on  this  system  to  better  un¬ 
derstand  the  particle  formation  mechanisms  for 
the  complex  binary  oxides  and,  in  particular,  the 
perovskite  family  of  materials. 


2.  Materials  and  methods 

The  hydrothermal  synthesis  of  particulate  lead 
titanate  employed  a  solution  crystallization  proc¬ 
ess  carried  out  at  relatively  modest  temperatures 
and  pressures  (225-250°C  and  1.38-5.17  MPa, 
respectively)  [6].  The  preparation  of  the  feedstock 
materials  was  conducted  according  to  the 
flowchart  shown  in  fig.  1.  Experiments  were  per¬ 
formed  in  a  1  liter  316  stainless  steel  autoclave 
equipped  with  a  magnetically  driven  stirring  unit 
(Model  4521,  Parr  Instruments  Co.,  Moline,  ID. 


Fig.  I.  Flow  chart  for  the  hydrothermal  synthesis  of  PbTi03  designed  to  collect  crystallization  data  as  a  function  of  time. 
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Samples  of  5  ml  size  were  extracted  under 
isothermal  conditions  at  various  times  during  the 
crystallization  process.  The  extraction  of  these 
relatively  small  samples  was  accompanied  by  min¬ 
imal  reactor  pressure  losses  ( ~  0.014-0.034  MPa). 
The  solid  portion  was  immediately  separated  from 
the  extracted  suspensions  by  filtration  and/or 
centrifugation  depending  on  particle  size.  The 
solids  were  then  washed  with  deionized  water 
whose  pH  had  been  previously  adjusted  to  pH  9.5 
with  ammonium  hydroxide,  filtered  again,  and  air 
dried  at  room  temperature.  It  was  observed  in 
preliminary  studies  that  washing  the  powders  with 
a  solution  near  the  pH  for  the  minimum  solubility 
of  lead  oxide  and  lead  titanate  was  necessary  to 
limit  incongruent  dissolution  of  the  lead  from  the 
hydrothermally  treated  powders.  X-ray  powder 
diffraction  patterns  for  the  extracted  samples 
were  obtained  using  an  automated  diffractometer 
employing  Cu  Ka  radiation.  The  degree  of  crys¬ 
tallinity  of  the  .solids  was  as.sc.s.scd  by  integrated 
intensity  analysis  of  the  (lUl)  reflection  [13]. 
Bright  field  transmission  electron  micrographs 
(TEM)  were  obtained  on  selected  samples  and 
used  to  estimate  the  mean  particle  size.  The 
surface  areas  of  the  powders  were  determined  by 
an  automated  nitrogen  adsorption  technique 
(Monosorb,  Quantachrome  Corp.,  Syosset,  NY). 


3.  Results  and  discussion 

J.  /.  Materials  characterization 

Typical  X-ray  powder  diffraction  patterns  for 
the  PbTiO^  crystallization  sequence  as  a  function 
of  hydrothermal  reaction  time  arc  shown  in  fig.  2 
for  samples  from  a  0.33  molar  feedstock  solution 
at  225‘’C.  As  shown  in  the  figure,  the  starting 
feedstocks  were  amorphous  and  became  increas¬ 
ingly  crystalline  with  time.  Under  these  condi¬ 
tions,  no  change  in  crystallinity  was  detected  by 
X-ray  diffraction  after  hydrothermal  treatment 
for  7  h.  TEM  micrographs  corresponding  to 
these  samples  are  shown  in  fig.  3.  The  amorphous 
feedstock  particles  were  20  nm  in  diameter, 
equiaxed,  and  could  be  clearly  distinguished  from 
the  product  PbTi03  particles,  which  crystallized 
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Fig.  2.  Examples  of  X-ray  diffraction  patterns  showing  the 
typical  change  in  crystallinity  as  a  function  of  reaction  lime  for 
hydrothermally  treated  PbTiO,.  Data  are  for  0.33M  feedstock 
hydrothermally  treated  at  225°C  for  0  time  (0%  crystallinity), 
and  37.6%.  80.4%.  and  100%  crystallinity. 


with  a  relatively  uniform,  acicuiar  morphology. 
The  influence  of  feedstock  concentration  on  par¬ 
ticle  size  and  surface  area  for  the  PbTiOj  crystal¬ 
lized  at  225°C  is  shown  in  table  1.  Particle  size 
increases  with  feedstock  concentration  as  judged 
by  direct  observation  from  the  TEM  micrographs 
and  specific  surface  area  measurements. 

3.2.  Crystallization  kinetics 

The  kinetics  of  PbTiO,  crystallization  from  a 
0.33  molar  feedstock  suspension  are  shown  at 
three  temperatures  in  fig.  4.  Qualitatively,  the 
crystallization  process  may  be  divided  into  three 


254 


C^.  Rossetti,  Jr.  et  al.  /  Kinetics  of  hydrothermal  crystallization  of  peroi  sktte  PbTiO, 


Fig.  3.  Examples  of  transmission  electron  micrographs  of  some  typical  particle  samples  extracted  from  a  0.33M  feedstock  at  22S°C 
as  a  function  of  reaction  time:  (a)  0%,  (b)  37.6%,  (c)  80.4%,  and  (d)  100%  crystallinity. 


distinct  kinetic  regimes.  At  relatively  short  reac¬ 
tion  times  there  is  a  temperature-dependent  in¬ 
duction  time  with  no  measurable  crystallization 
taking  place,  followed  by  an  initial  period  of 
rapid  crystallization  at  intermediate  times,  and. 

Table  I 

Crystallite  sizes  and  specific  surface  areas  for  the  PbTiO) 
particles  hydrothermally  synthesized  at  22S°C  to  100%  crys¬ 
tallinity  as  a  function  of  feedstock  concentration 


Feedstock 
concentration 
(mol /I) 

Crystallite  size  * 

(lengih/diameter) 

(nm) 

SpeciFic 
surface  area 
(m^/g) 

I.UO 

750/220 

7.8 

('50 

560/160 

13 

033 

280/90 

22 

0.10 

70/20 

33 

*  Estimated  from  TEM  photomicrographs. 


last,  a  second  period  of  crystallization  at  a  lower 
rate  than  during  the  intermediate  regime.  The 
transition  between  the  two  periods  of  crystalliza- 


Fig.  4.  Fractional  PbTiO,  crystallinity  as  a  function  of  lime  for 
0.33M  feedstocks  hydrothermally  treated  at  22S.  235.  and 
250“C. 
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ilon  occurred  at  approximately  30-40%  crys¬ 
tallinity  for  all  temperatures. 

In  order  to  gain  further  insight  into  the  factors 
controlling  the  hydrothermal  formation  of  crys¬ 
talline  PbTiOi,  the  rate  data  in  fig.  4  were  ana¬ 
lyzed  according  to  the  generalized  solid-state  ki¬ 
netic  treatment  of  Hancock  and  Sharp  [14].  This 
method  was  originally  applied  to  isothermal 
solid-state  transformations  such  as  the  dehydrox- 
ylation  of  brucite  [14]  and  has  also  been  success¬ 
fully  applied  to  more  complex  heterogeneous  re¬ 
action  sequences  in  both  oxide  [15]  and  non-oxide 
[16]  systems.  Care  must  be  exercised,  however,  to 
ensure  that  a  literal  interpretation  is  not  assigned 
to  the  rate  constants  or  rate  laws  determined  in 
this  way  from  the  simple  regression  analyses. 
Even  when  precise  statistical  data  sets  are  avail¬ 
able,  best-fit  rate  constants  obtained  from  regres¬ 
sion  analyses  can  be  substantially  in  error  [17]. 
Despite  these  reservations,  careful  application  of 
simple  kinetic  treatments  is  often  helpful  in  de¬ 
veloping  a  qualitative  understanding  of  the  domi¬ 
nant  processes  in  complex  solid-state  reaction 
systems,  particularly  when  corroborated  by  mi- 
crostructural  evidence  and  other  data. 

Recognizing  these  limitations,  and  considering 
only  the  solid-state  nature  of  the  transformation, 
a  kinetic  analysis  was  applied  based  on  the  John- 
son-Mehl-Avrami  equation  [18,19]: 

/- 1 -exp( (1) 

or,  in  linear  form, 

-In  ln(l -/)  =  ln(r) -Hm  ln(/),  (2) 


where  /  is  the  fraction  crystallized  isothermally 
at  time  r,  r  is  a  constant  that  partially  depends 
on  nucleation  frequency  and  rate  of  grain  growth, 
and  m  is  a  constant  that  varies  with  the  system 
geometry.  Hancock  and  Sharp  have  shown  that 
for  reactions  obeying  a  single  theoretical  rate 
expression,  plots  of  -In  ln(l  -/)  against  ln(/) 
over  /=  0.15-0.50  yield  approximately  straight 
lines  with  slopes  m  having  a  value  falling  within  a 
range  characteristic  of  three  distinct  reaction 
mechanisms.  When  m  =  0.54-0.62,  a  diffusion 
controlled  mechanism  is  indicated,  while  a  zero- 
order,  first-order,  or  phase  boundary  controlled 
mechanism  is  indicated  for  m  =  1.0-1.24.  A 
mechanism  involving  nucleation  and  growth  con¬ 
trol  is  indicated  when  m  =  2.0-3.0.  Values  of  m 
lying  outside  the  specified  ranges  have  no  obvious 
mechanistic  interpretation,  but  can  sometimes  be 
indicative  of  competing  processes  [14].  The  vari¬ 
ous  standard  solid-state  reaction  rate  equations 
and  associated  values  of  m  are  summarized  in 
table  2.  It  is  not  possible  to  distinguish  the  most 
appropriate  rate  law  within  a  given  group  solely 
on  the  basis  of  the  value  of  m.  Instead,  the 
individual  rate  laws  must  be  tested  and  compared 
over  the  complete  conversion  range  [20]. 

In  fig.  5,  plots  of  -In  ln(l  -/)  against  ln(/) 
over  /=  0.15-0.50  for  the  data  in  fig.  4  are  pre¬ 
sented.  For  PbTiOj  crystallization  at  225  and 
235'’C,  it  is  shown  in  figs.  5a  and  5b  that  the 
kinetics  are  described  by  a  two-stage  rate  law.  In 
each  case,  the  kinetics  of  the  first  stage  are  char¬ 
acterized  by  a  large  m  exponent  (m  >  5)  followed 
by  a  sharp  transition  at  /=0.3-0.4  to  a  second 


Table  2 

Suliil-state  reaction  rate  equations  (from  ref.  (14)) 


Function 

Implied  mechanism 

Equation 

m 

D,(/) 

Diffusion  controlled 

f^-kt 

0.62 

0,(/) 

Diffusion  controlled 

{l-f)Ml-f}+f-ki 

0.57 

D4/) 

Diffusion  controlled 

II -(1 

0.54 

o.(/) 

Diffusion  controlled 

l-2//3-(I-/)^'’-*/ 

0.57 

Fy(f) 

First  order 

1.00 

RziP 

Phase  boundary 

l-(I-/)'^^-*r 

l.ll 

R,(/) 

Phase  boundary 

l-(l-/)‘''^-*i 

1.07 

Z,(/) 

Zero  order 

f-kt 

1.24 

-4  it/) 

Nucleation  and  growth 

|-ln(l-/)]'^^-*r 

2.00 

/«,(/) 

Nucleation  and  growth 

(-ln(l -/))'''’-*/ 

3.00 
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M(l) 

Fig,  5.  Plots  bused  on  the  Joliiison-Mehl-Avrami  analyses  of 
the  kinetic  data  from  fig.  4 

Stage  characterized  by  an  ni  value  close  to  unity. 
1'he  nt  e.xponent  for  the  first  stage  decreases 
rapidly  with  increasing  temperature,  so  that  for 
crystallization,  at  25U'’C,  the  first  stage  is  not  obvi¬ 
ous  and  the  kinetics  may  apparently  be  described 
in  terms  of  a  single  rate  law,  as  shown  in  fig.  5c. 

in  figs.  Sa  and  Sb,  the  rn  exponent  of  the  first 
stage  (m“8.83  and  5.11,  respectively)  reflects 
the  initial  period  of  rapid  crystallization  in  the 
early  portions  of  the  corresponding  curves  of  fig. 
4.  Comparison  of  these  m  exponents  with  the 
theoretical  values  presented  in  table  2  shows  that 
the  kinetics  of  the  initial  stage  of  crystallization 


cannot  be  simply  described  by  any  of  the  ten 
standard  solid-state  reaction  rate  equations. 

On  the  other  hand,  the  m  exponent  of  the 
second-stage  crystallization  in  figs.  5a  and  5b, 
along  with  the  single  m  value  of  fig.  5c  im  =  1.22. 
0.80,  and  1.00,  respectively),  suggest  a  reaction 
mechanism  best  described  in  terms  of  zero-order, 
first-order,  or  phase  boundary  controlled  rate  ex¬ 
pressions.  Consequently,  the  rate  expressions  for 
zero-order,  first-order  and  phase  boundary  con¬ 
trolled  mechanisms  were  tested  over  the  second- 
stage  crystallization  ranges  indicated  by  the  m 
values  of  fig.  5.  The  first-order  and  phase  bound¬ 
ary  controlled  rate  equations  gave  poor  fits  of  the 
raw  kinetic  data  when  continued  to  complete 
crystallization  (/=!.()).  In  accordance  with  a 
zero-order  rate  law,  however,  fig.  4  shows  that 
the  second-stage  (/>  ().3-0.4)  plots  of  f  against  t 
for  PbTiOj  crystallization  at  225  and  235°C  are  in 
fact  linear.  Fig.  4  indicates  that  the  PbTiOj  crys¬ 
tallization  kinetics  at  250°C  are  also  linear  for 
/  >  0.3-0.4.  Over  the  specified  crystallization 
ranges,  therefore,  the  zero-order  rate  expression 
is  most  appropriate  to  describe  the  apparent  crys¬ 
tallization  kinetics.  In  fig.  4,  the  slight  nonlinear¬ 
ity  in  the  crystallization  kinetics  at  250''C  for 
/  <  0.3-0.4  is  contrary  to  the  expectation  from  fig. 
5c  that  only  a  single  rate  expression  should  be 
obeyed.  However,  it  is  likely  that  the  crystalliza¬ 
tion  kinetics  at  250°C  also  conform  to  a  two-stage 
rate  law,  but  that  first-stage  crystallization  was 
not  detected  due  to  the  rapid  initial  rates  at  the 
higher  temperature. 

An  Arrhenius  plot  for  the  hydrothermal 
PbTiOj  formation  reaction  is  given  in  fig.  6. 
Using  a  method  similar  to  that  of  Culfaz  and 
Sand  [21],  the  values  plotted  along  the  ordinate  in 
fig.  6  represent  the  instantaneous  rate  deter¬ 
mined  at  50%  crystallinity.  This  method  was  cho¬ 
sen  because  it  makes  no  assumption  regarding 
the  underlying  reaction  mechanisms  and  associ¬ 
ated  rate  laws.  Even  in  the  crystallization  regime 
where  the  reaction  is  apparently  isokinetic  (i.e., 
/  >  0.4),  the  rate  data  were  used  in  preference  to 
rate  constants  in  constructing  the  plot  because 
the  error  in  the  zero-order  fits,  as  well  as  the 
extent  to  which  the  initial  rapid  crystallization  at 
various  temperatures  affects  the  subsequent 
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Fig.  6.  Arrhenius  plot  fur  the  hydrolherniatly  crystallized 
PbTiOv  The  apparent  activation  energy  for  hydrothermal 
crystallization  of  PbTiOj  from  the  plot  is  7.2  kcal/mol. 


zero-order  rate,  is  uncertain.  The  apparent  acti¬ 
vation  energy  obtained  in  this  way  is  7.2  kcal/mol. 

3.3.  Mechanistic  interpretation 

The  microstructural  and  kinetic  data  pre¬ 
sented  above  provide  some  insight  into  the  mech¬ 
anism  of  the  hydrothermal  formation  of  crys¬ 
talline  PbTiOv  Based  on  the  microstructura!  data 
of  fig.  3,  a  mechanism  involving  a  liquid  assisted 
solid-state  transformation  (22-24}  is  deemed  un¬ 
likely.  The  crystalline  material  in  the  micrographs 
of  Fig.  3  does  not  appear  to  have  grown  out  of 
the  amorphous  precursor.  Furthermore,  at  no 
stage  in  the  crystallization  is  there  any  evidence 
of  partially  or  poorly  crystalline  material,  as  would 
be  expected  during  the  progress  of  a  solid-state 
transformation.  Similarly,  the  morphologies  of  the 
particles  in  the  micrographs  of  fig.  3  would  not  be 
expected  for  a  material  precipitated  via  a  classical 
nucieation  and  growth  mechanism  [11,12].  The 
particles  are  seen  to  be  nearly  the  same  size  with 
similar  actcular  morphologies.  A  larger  size  distri¬ 
bution  is  expected  if  particles  are  precipitated 
from  a  heterogeneous,  locally  supersaturated  so¬ 
lution  [llj.  In  contrast,  a  narrow  size  distribution 
is  more  typical  of  particles  precipitated  from  ho¬ 
mogeneous  solution  [25-28].  Moreover,  the  parti¬ 
cle  size  and  surface  area  data  of  table  1  show  that 
the  average  particle  size  decreases  with  decreas¬ 


ing  feedstock  concentration.  Such  a  result  is  not 
supported  by  a  classical  nucieation  and  growth 
model,  which  would  predict  higher  supersatura¬ 
tion  conditions  and  smaller  particles  at  higher 
feedstock  concentrations  [11] 

Alternatively,  the  generation  of  reacting 
species  by  the  process  generally  known  as  precipi¬ 
tation  from  homogeneous  solution  (PFHS)  [26- 
28]  is  often  observed  in  systems  where  tempera¬ 
ture  is  used  to  thermally  decompose  precursor 
reactants  [24-27].  It  is  generally  acknowledged 
that  a  major  limitation  in  the  PFHS  reaction 
scheme  is  that  relatively  low  concentrations  of 
precursor  species  must  be  used  to  avoid  continu¬ 
ous  nucieation  throughout  the  particle  formation 
process.  In  the  current  work,  the  microstructural 
data  strongly  support  the  contention  that  PFHS  is 
taking  place  in  the  Pb-Ti-HjO  system  under 
hydrothermal  conditions.  However,  in  this  sys¬ 
tem,  a  sparingly  soluble  precursor  hydrous  oxide 
was  used  to  generate  the  reacting  species.  Under 
these  conditions,  a  high  yield  of  product  powder 
is  potentially  attainable  using  relatively  concen¬ 
trated  precursor  suspensions.  Furthermore,  the 
high  concentration  of  feedstock  is  not  expected  to 
compromise  the  generation  of  nuclei  as  it  does  in 
classical  PFHS  because  the  reservoir  of  nutrient 
stored  in  the  solid  precursor  does  not  influence 
solution  factors  such  as  supersaturation  and  ionic 
strength. 

Consequently,  with  reference  to  the  schematic 
solubility  curves  shown  in  fig.  7,  it  is  proposed 
that  as  the  hydrothermal  temperature  is  in¬ 
creased,  the  dissolution  of  the  precursor  hydrous 
oxides  dictates  the  supersaturation  (Sgj)  at  which 
PbTi03  crystallizes.  Assuming  normal  solubility 
behavior,  this  is  consistent  with  the  temperature- 
dependent  induction  time  observed  in  the  kinetic 
data  of  fig.  4.  When  the  hydrothermal  tempera¬ 
ture  is  increased  to  the  range  where  the  solubility 
of  the  precursor  hydrous  oxide  (5p)  is  greater 
than  that  of  the  anhydrous  oxide  (Spn,),  crystal¬ 
lization  of  the  latter  will  take  place  with  the 
nutrient  precursor  material  acting  as  a  reservoir 
for  the  precipitating  species.  If  the  particle  growth 
is  not  topotactic  with  the  precursor  particles,  then 
nucieation  of  the  PbTiO^  is  required.  It  is  be¬ 
lieved  that  this  corresponds  to  the  rapid,  first- 
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TEMPERATURE 

Fig.  7.  Reaction  scheme  proposed  for  the  hydrothermal  crys¬ 
tallization  of  PbTiO,.  It  is  proposed  that  the  difference  in 
solubility  of  the  precursor  hydrous  oxide  and  the  product 
material.  PbTiO,.  at  the  hydrothermal  reaction  temperature 
provides  the  driving  force  or  ,upersaturalion.  5,j.  necessary 
to  nucleate  and  grow  PbTiO,  particles  via  precipitation  from 
homogeneous  solution. 


Stage  crystallization.  As  might  be  expected  for  a 
such  a  complex  dissolution-recrystallization  proc¬ 
ess,  the  m  exponents  for  this  stage  of  crystalliza¬ 
tion  (fig.  5)  did  not  correspond  to  any  of  the 
theoretical  values  for  the  standard  solid-state  re¬ 
action  rate  equations  (table  2). 

Once  sufficient  nuclei  are  formed,  as  dictated 
by  the  relative  supersaturation  at  a  particular 
temperature,  growth  will  commence.  It  is  be¬ 
lieved  that  this  corresponds  to  the  sharp  transi¬ 
tion  to  a  second-stage  crystallization  at  /=  0.3- 
0.4  ;is  ob.scrvcd  ill  fig.  .*>.  With  the  (lis.sohition  of  a 
precursor  solid  providing  the  nutrient  for  the 
ultimate  crystalline  phase,  uniformly  shaped, 
nearly  monosized  particles  are  produced,  pro¬ 
vided  that  the  dissolution  or  decomposition  of  the 
precursor  material  is  the  rate-limiting  step.  The 
zero-order  kinetic  dependence  of  the  second- 
stage  crystallization  is  consistent  with  this  re¬ 
quirement.  Zero-order  kinetics  imply  that  the  re¬ 
action  rate  is  independent  of  the  concentration  of 
the  reactants,  and  are  observed  in  systems  where 
the  rate  is  controlled  by  a  large  excess  of  one 
reactant,  or  is  dictated  by  an  external  variable, 
s;  ch  as  the  intensity  of  light  in  a  photocataiyzed 
reaction  (29).  In  the  mechanism  proposed,  crystal¬ 
lization  can  continue  only  so  long  as  there  is 
sufficient  nutrient  to  maintain  supersaturation. 


When  the  nutrient  is  depleted  to  the  point  where 
this  is  no  longer  possible,  the  crystallization  might 
be  expected  to  end  abruptly,  with  little  premoni¬ 
tory  diminution  of  the  crystallization  rate  as  1(K)% 
crystallinity  is  approached. 

4.  Summary 

Crystalline,  nanometer  sized  PbTiO,  particles 
were  synthesized  under  autogenous  hydrothermal 
conditions  at  temperatures  in  the  range  of  225- 
250°C  and  feedstock  concentrations  of  0.1 -1.0 
molar.  Under  these  conditions,  the  product  parti¬ 
cles  crystallized  with  a  relatively  uniform  acicular 
morphology.  In  contrast  to  expectations  based  on 
classical  nucleation  and  growth  models,  the  parti¬ 
cle  size  was  found  to  increase  at  higher  feedstock 
concentrations.  A  simple  solid-state  analysis  of 
the  crystallization  rate  data  showed  that  the  ki¬ 
netics  could  be  characterized  by  three  regimes 
corresponding  to  a  temperature-dependent  in¬ 
duction  period,  an  initial  period  of  rapid  crystal¬ 
lization,  and  a  second  period  of  crystallization 
obeying  a  zero-order  rate  law.  To  account  for 
these  observations,  a  particle  formation  mecha¬ 
nism  was  proposed  wherein  an  anhydrous  oxide 
leading  to  the  perovskite  phase  is  precipitated 
from  a  homogeneous  solution,  the  supersatura¬ 
tion  condition  of  which  is  dictated  by  the  solubil¬ 
ity  of  a  sparingly  soluble  amorphous  hydrous  ox¬ 
ide  precursor.  It  is  suggested  that  this  reaction 
scheme  may  be  useful  in  preparing  uniform, 
monosized  particles  of  complex  oxides  from  high 
concentrations  of  nutrient  and  at  high  yields. 
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